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This research highlights some hitherto outstanding data on plain 
and reinforced no-fines concrete (material and construction) necessary 
to enhance its technical efficiency and economic use especially in fire 
safety. The studies cover, therefore, six relevant experimental and 
theoretical investigations in series. 
In seriO) one, materials were sampled through strength tests on 
1 8 and 1 10 mix.es no-fines concrete made with both crushed stone 
low silica content (basalt) and high silica content (granite) aggregates; 
plain and deformed (tor-bar) steel bars. The aggregates aforementioned 
were assessed also qualitatively for their grading, physical, mechanical 
and chemical properties. 
In investigation series two, thermal conductivity tests (by transient 
state hot plate method), were performed on slab specimens made with 
materials, selected from the preceding sampling, at nominally room 
temperature. Then comparative tests were carried out on dense concrete 
containing gravel aggregates. 
In the third investigation, physical and residual (unstressed) 
strength properties Of no-fines concrete (typical operating specimens) 
were determined together with the residual tensile strength of their plain 
or deformed steel reinforcement over a temperature range of 20-800°C. 
Next, bond pull-out tests were carried out on circular-ended 
cylindrical specimens of no-fines concrete of the above chosen mixes 
and reinforcement at ambient and elevated temperatures. Various param-
eters and test conditions influencing bond strength were examined. 
Thereafter, the acoustic emission (AE) technique was adopted 
to examine the bond characteristics at the steel/no-fines concrete inter-
face of pull-out specimens at ambient and elevated temperatures. 
In the last investigation, an analytical study was made of bond 
behaviour at the anchorage zone of heat treated reinforced no-fines 
concrete beams using pull-out test results obtained. 
All investigations were preceded by reviews of previous works 
and experimental results were analysed. 
Subsequently an outline design approach based on experimental 
results was postulated for no-fines concrete construction. 
Generally the results showed that matured reinforced no-fines 
concrete containing basalt aggregate has good thermal insulating charac-
teristics and would perform well in fire. 
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No-fines concrete has become a successful non-traditional build-
ing material which is used extensively in the building industry worldwide. 
The extent of its use has spread to fill housing needs in urban and 
rural areas in developed and developing countries. Its use for housing 
presently is to be found in countries with diverse climates (weather 
conditions) such as hot areas in Zambia'*', Ghana ' 2 and Nigeria ' 2 in 
the tropics as well as the very cold regions in the north of both Russia` 
and Canada 1 . 
1.2 The relevance of no-fines concrete construction 
The no-fines concrete system of construction has great potential 
in its application in areas where other building materials are not readily 
available, or where if available, are either expensive or of poor quality. 
It has potential as well in areas of abundant supply of stone aggregate 
deposits. It also has substantial applications for large scale housing 
developments, i.e. where repetitive use of formwork is practicable and 
becomes a source of much saving in construction costs. Its good thermal 
insulation as well as fire resistance values, are great assets for its use 
in any climatic conditions. 
The 'no-finest construction has great relevance in use for housing 
in developing countries because it would complement the existing methods 
of construction in various localities depending on distribution of building 
materials and availability of skills. A conservative approach to the selec-
tion of building materials for housing in most developing countries was 
1 
its drawback in the past. Furthermore, very little research was attempted 
on its application with local materials in these countries. However, 
these are changing now and the material is being more and more used. 
1.3 Problems influencing technical efficiency and economic use of the 
material 
The need or growing demand for greater technical efficiency and 
economy in the use of no-fines concrete as a material in construction 
has led to a great deal of research being carried out on it - in particular, 
on its material properties'' 15, 1.6, 1•7 However, certain areas appear 
at the moment not to have been sufficiently investigated and hence the 
lack of necessary information. Some of these areas are: 
(a) the effects of high temperatures normally experienced in fires (i.e. 
effects of thermal stresses or loads) on the material properties 
of reinforced no-fines concrete. The menace of fire is a major 
hazard in most countries especially the industrialised ones' 9 . 
The performance of a concrete building structure in a fire depends 
upon the behaviour of its constituent materials' properties (Section 
6.3). The decline in strength of a matured concrete structure 
exposed to heating is caused mostly by internal thermal stresses 
(i.e. thermal loads) developed in the concrete as a result of thermal 
incompatibility of the concrete constituents. At the moment, there 
is very little data available on the behaviour of plain and reinforced 
no-fines concrete structures after exposure to high temperatures. 
Such information, however, is required in order to design no- 
fines concrete buildings for fire resistance as well as their probable 
post-fire reinstatement. Most of the present available information 
is on the fire resistance of loadbearing no-fines concrete plain 
walls which have been investigated (Section 6.4.6). 
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The application of reinforced no-fines concrete in a structural 
element, e.g. in alintel to span openings for doors and windows. 
Generally no-fines concrete is used mostly in loadbearing plain 
walls because of its poor strength (see Section 14.4). To overcome 
this weakness, openings in no-fines concrete walls have been mostly 
spanned by steel or precast dense concrete lintels (Section 9. 2.4). 
Some economy could be gained by use of monolithic reinforced no-
fines concrete beams to span openings of restricted span in 'no-
fines' walls. Use of the concrete as a material in a lintel, however, 
requires knowledge about its bond performance. Some work has 
been done on its ambient temperature bond strength - but mostly 
for the gravel aggregate no-fines concrete (see Section 9. 2.4 and 
Appendix D). Such information for crushed stone aggregates no-
fines concrete is lacking presently. 
In addition, the use of no-fines concrete construction in seismic 
areas demand that its walls should be reinforced to develop the 
necessary strength and ductility to withstand the stresses generated 
by earthquake forces. 
Thermal insulating characteristics and properties of no-fines concrete: 
The need to design for a habitable thermal environment has created 
the requirement for use of building materials with the essential 
thermal insulating characteristics and properties. Previous investi-
gations have shown that the type of aggregate' *" has great influence 
on the thermal properties of concrete. 
Present available data on thermal properties of no-fines concrete 
concentrate mostly on gravel aggregate (i.e. high silica content 
aggregate) which is noted to exhibit high values of conductivity'*". 
Such information is not readily available for crushed stone aggregate 
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(i.e. of low silica content) no-fines concrete. Also gravel aggreg- 
ate concretes have been observed to show poor performance in a 
fire due to spalling 112 . There is therefore a need for data on 
the thermal properties of no-fines concrete containing crushed 
stone aggregate with low silica content which might behave well 
in a fire. Hence attempts were made to determine these thermal 
insulating properties at room temperature for various crushed stone 
aggregates of low and high silica content. 
(d) Design procedure: Hitherto, design procedure for no-fines concrete 
construction has been. mostly empirical. An attempt was made there-
fore to evolve a general design method based on experimental results, 
in particular for reinforced no-fines concrete beams. 
1.4 Objective of research work 
The experimental and theoretical investigations in this work were 
designed and undertaken with the aim of providing answers to some 
of these aforementioned problems. Thereby it is hoped that the technical 
efficiency and economic use of this material for construction could be 
enhanced. It should be added that the work in this thesis on the effect 
of heating on the structural properties of the reinforced concrete is 
complementary to the general research being carried out at Edinburgh 
on fire effect on reinforced concrete structures 	110 
1. 5 Scope of investigation 
The scope for each of the relevant investigative units envisaged 
was as follows: 
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(i) Material control tests at room temperature to determine - (a) the 
crushing strength of no-fines concrete made with various types 
of crushed stone aggregates of 20 mm single size and for mixes 
1 : 8 and 1 : 10; (b) the tensile strength of various reinforcing 
steel bars (plain and deformed); (c) qualitative tests on the 
crushed stone aggregates to determine their grading sizes, physical, 
mechanical and chemical properties. Three different types of stone 
aggregate were selected to provide a wide field of application of 
the results. 
Determination of the ambient temperature thermal insulating prop-
erties (thermal conductivity, thermal diffusivity and specific heat) 
of no-fines concrete of different mixes using different crushed 
stone aggregates that typify low and high silica content materials 
by the transient state method. 
Assessment of the effects of elevated temperatures (fire) on the 
material properties (physical and strength) of no-fines concrete 
of different mixes using crushed stone aggregate (basalts) of low 
silica content. The test variables were limited to the unstressed 
residual condition only. The influence of heat soaking on the 
residual strength was examined. Fire resistance tests on prototype 
no-fines concrete structural elements were outside the scope of 
investigation. 
(iv) Bond pull-out tests on no-fines concrete of different mixes contain- 
ing crushed stone aggregates (basalt) as well as different steel 
bars at ambient and elevated temperatures. To broaden the field 
of application of the results, the influence of the following parameters 
on the bond strength were examined: •(a) the effect of temperature 
of concrete specimens; (b) the effect of pre-loading specimens 
during heating; and (c) the effect of heat soaking at maximum 
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test temperature. The tests were limited to a concrete cover to 
a bar of 70 mm, bond length of 300 mm and one heating cycle. 
Application of the acoustic emission (AE) technique to study the 
interactions occurring at the interface between no-fines concrete 
and embedded steel bars at ambient and elevated temperatures. 
Analytical study of bond behaviour at the anchorage zone of rein-
forced no-fines concrete, using data obtained from bond pull-out 
tests. The study was limited to the unstressed residual condition 
only. 
Consideration of design implications of the foregoing experimental 
results for ambient and elevated temperature conditions of no-
fines concrete constructions. The scope includes fire resistance 
and seismic influences. 
Comprehensive reviews of previous work done on the relevant 
properties investigated herein were carried out and preceded all experi-
mental investigations. Most of the reviews embraced properties for 
general concrete for lack of such information on no-fines concrete. 
A general limitation which influenced studies carried out on heat 
treated specimens was that all heating and tests at high temperatures 
were conducted under steady state temperature conditions. However, 
temperature development in fires normally occurs fast and in a transient 
manner. Hence, this factor had to be taken into account in application 
of the results for fire safety design, bearing in mind the influence of 
insulating characteristics -of no-fines concrete. 
A brief review of the various design methods was outlined for 
reasons of non-uniformity in the use of design methods for reinforced 
concrete structures throughout the world, in particular for the parts 
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of the developing world where the limit state approach might not be 
the norm of design practice at the moment. 
The analyses of experimental results in some instances were related 
to reported work on dense concrete, for lack of such published informa-
tion on no-fines concrete. 
The form of experimental procedures (in particular for bond tests) 
was established from a study of existing literature on relevant work 
for ambient and elevated temperatures. The heating at a slow rate and 
tests of heat treated specimens at steady state were adopted for purposes 
of comparison with previous studies on dense concrete", 110 
The significance of the research studies was that it established 
that no-fines concrete made of low silica crushed stone aggregate (basalt), 
provides very good thermal insulating properties and protects reinforcing 
steel bars against the effects of fire. It also performs well in fire and 
the strength suffers little loss in magnitude below 300°C, i.e. the strength 
retains more than 75% of the original strength, so that in this respect 
it could be reinstated. 
Fruitful data which helped propound a design procedure for re-
inforced no-fines concrete beams containing crushed stone aggregates 
at ambient and elevated temperatures also were established. 
Little was known, hitherto, about the effect of fire on the material 
properties of no-fines concrete. Hence this research represents a con-
tribution to the state of the art in this respect. 
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CHAPTER 2 
NO-FINES CONCRETE CONSTRUCTION 
2. 1 General 
No-fines concrete is a mixture of coarse aggregate and cement 
bound together by a matrix of cement paste (Figure 2. 1). Unlike dense 
concrete, no-fines concrete does not contain fine aggregates, i.e. sand, 
hence its name as sand-less or no-fines aggregate concrete, abbreviated 
normally to no-fines concrete. It is considered as a lightweight concrete; 
the lightness derives from the omission of fine aggregate (sand), hence 
large voids (pores) are created throughout the mass of the concrete 
(Figure 2.1). Its relation with other types of lightweight concretes 
is provided in works by Malhotra 21 . 
Characteristics and factors which differentiate no-fines concrete 
from dense concrete can be listed as 2" 2.2, 23 : 
it does not segregate; 
its drying shrinkage is of lower value and occurs more quickly; 
it is lighter in weight (about two-thirds that of dense concrete); 
it exerts relatively low pressure (about one-quarter to one-half 
that of dense concrete) on formwork; 
it is cellular in structure - with a percentage of voids in concrete 
not less than 25_3O2,25; 
the cement content is lower; 
it has substantially lower strength6' 2.7, 2.8 
2.2 Application, advantages and limitations 
2. 2. 1 Application 
The most important use of no-fines concrete as a material in con-
struction is in housing where it is used as loadbearing and partition 
walls of dwellings. Its versatility enabled a variety of house types to 
be constructed for urban and rural areas 
2' 2.17 It is also suitable 
for construction of schools and hospital buildings where great economy 
is derived from repetitive use of formwork 2 ". Generally, its use for 
loadbearing walls is confined to buildings not more than five storeys; 
however, it has been used successfully in loadbearing walls of multi-
storey buildings, and in Scotland and Germany 10 and 20 storeys have 
been built respectively, in no-fines concrete 
2.2 2.5 
Other purposes for which it has been used include: as infilling 
walls fOr concrete framed structures; as material for gravity retaining 
walls; as a damp-proof sub-base material under solid., ground floor slabs; 
as farm building structures; as fence walls; for pavement (paths) 
slabs; and finally as drainage screeds over roofs", 
12, 2.6, 2.6 
2. 2. 2 Economic advantages 
By comparison with dense concrete, no-fines concrete has the 
following factors among its economic advantages: 
Omission of fine aggregate (sand) leads to the use of a smaller 
amount of cement hence savings are made in both materials 
(Section 3.5). 
Better thermal insulating characteristics due to its cellular 
structure and presence of large voids (Section 5.5). 
Lower mass per unit volume, due to cellular structure, hence 
smaller load for multi-storey structure design. 
Lower drying shrinkage which also occurs more rapidly, thus 
walls up to three storeys could be poured without construction 
joints. 
Exerts lower hydrostatic pressure on formwork during con-
struction (Section 2.1) because it is not fluid or does not flow; 
for domestic buildings a pressure of about 1200 N/rn 2 is sug- 
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gested for use by Sorensen 2,3 . The formwork is hence lighter 
and cheaper. 
(vi) Limited or small capillary action, i.e. the cellular structure of 
no-fines concrete allows very little capillary passages. Thus 
it has high resistance against frost formation as well as water 
penetration by capillary action. Water could not penetrate into 
the wall to a depth greater than twice the size of 20 mm ag-
gregate 21, 23 . The capillarity of no-fines concrete would appear 
also to be similar to that of dense concrete. This was demon-
strated, too, by tests carried out on slab specimens previously 
used for thermal conductivity tests. The specimens were stood 
upright immersed in a pan of water to a depth of about 10 mm 
for 24 hours 222' 2.23 Typical results obtained are shown below: 
no-fines concrete (basalt), 1 : 8 mix, capillarity = 16-24 mm:; 
no-fines concrete (basalt), 1 : 10 mix, capillarity = 20-22 mm; 
dense concrete (gravel), 1 : 2 : 4 mix, capillarity = 18-20 mm. 
(vii) The absorption of water by no-fines concrete is lower substan-
tially than that of dense concrete. From investigation carried 
out on oven dry slab specimens (which were previously used for 
thermal conductivity tests - see Chapter 5), the specimens were 
immersed in water for 24 hours. The water absorption (in %) 
was derived from the resulting increase in weight which was ex- 
pressed as a percentage of the oven dry weight of the slab speci-
mens. Typical results obtained are shown below: 
no-fines concrete (basalt type), 1: 8 mix, water absorption 
no-fines concrete (basalt type), 1 : 10 mix, water absorption 
dense concrete (gravel type), 1: 2: 4mix, water absorption 
Previous investigations also show that the absorption of water 
by concrete is influenced by type of aggregate, type of concrete 
and mix proportions 21, 28, 222 
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2. 2. 3 Limitations 
The major factors limiting use of no-fines concrete in construction 
are: 
It has comparatively low strength, hence its use in a structural 
capacity especially as a flexural structural member (e.g. lintels), 
is limited. It has comparatively lower compression, flexural and 
bond strength (Sections 7.5 and 9.2). 
It is highly permeable and is rendered externally to prevent wind 
blown rain penetration 2.2, although there is evidence to suggest 
that 200 mm thick unrendered walls have good resistance to such 
penetration 2.25 Reinforcement in the concrete could be at risk. 
The concrete in the freshly made state has little cohesion; shutters 
must therefore remain in position long enough for the cement paste 
to harden and hold the aggregate in place. 
2.3 Historical perspective and development 
The no-fines concrete technique is not a new concept in construc-
tion, but has been known and used since the mid 19th century and more 
particularly in the early 20th century 
2.1, 2-2,2-S, 2.8213 However, its 
use on a large scale for housing started only after World War II, and 
has since then spread all over the world. Many factors explain the 
significance of its extensive use after the war, however the large scale 
development and building programme required in Europe to deal with 
the great building devastation during the Second World War played a 
major role. 
Initially the development of its use after the war was mostly in - 
Western and Eastern Europe 2.6, 2.7, 2.8_2.1l+ Since 1950, its use has spread 
to other parts of the world including Australia 23 , Canada 27 , India 215 
and some countries in South America 211 , West, East and South Africa 
28' 214 2.16 
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In Britain, the use and development of the no-fines system of con-
struction has been mostly by Scottish Special Housing Association (SSHA) 
and Wimpey Ltd, who between them have built over 500,000 dwellings 
since 194523,2h1, 2.13 
The earliest reported use of no-fines technique in West Africa was 
in 1951 when Wimpey built a group of 50 single-storey dwelling houses 
at Awaso in Ghana (known at that time as the Gold Coast) for the British 
Aluminium Company 216 . Awaso is a bauxite mining town, hence the 
waste from the bauxite ores was crushed and used as aggregate for 
the construction. The houses were generally in sound condition and 
still occupied when inspected by the author in October 1981. However, 
a few minor cracks had developed in some walls (which did not appear 
new at the time of inspection) due to settlement. The use of no-fines 
system appeared to discontinue in Ghana after the Awaso project was 
completed. However, there is still great potential for more use of the 
material in housing considering the abundant deposit of rocks in most 
areas of the country, especially in the mining areas. 
Further information on the history and development are provided 
in earlier works and elsewhere 2 ,1, 2.2, 26, 2.9-2.13 
2.4 Methods of construction 
Modern methods of no-fines construction tend to be highly mechan-
ised, especially where large shutter panels are assembled in position 
by mobile cranes. However, in developing countries where the highly 
mechanised system might not be economical, the simpler system of con-
struction using small shutter panels which could be easily handled, 
*11 are considered more appropriate 2 . 
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The construction process starts with placement of formwork (shutters) 
in position. The formwork for no-fines walls are designed on the same 
principles as that for dense concrete. However, the hydrostatic (hori-
zontal) pressures on the shutters are smaller and taken to be about 
one-quarter to one-half that of dense concrete 28, 211 The panels of 
the formwork could therefore be constructed in wire mesh, plywood 
or metal sheets. The shutters normally consist of a light frame (made 
either of timber, steel or aluminium) and a panel (Fig 2 3,top) Aluminium 
forms of special design which could be used are produced also in some 
countries2'8' 2.19 
The concreting or pouring of concrete into the erected shutters 
could be operated for a house of single-storey height and up to a three-
storey or even a five-storey height in one day2 17 (Figure 2 3YThe 
formwork could be removed also after 24 hours. A typical sequence 
of operation for the construction of a single or two-storey house is as 
follows 2.5, 2.17: 
construction of the foundation; 
erection of internal and external shutters; 
pouring of the concrete; 
removal of shutters the next day; and 
the construction cycle repeated. 
The concrete mix design, mix proportions, mixing, placing and 
other details involving methods of construction are provided in Sections 
3.2 and 3.5 and elsewhere' 2.5, 2.9, 2.11, 213 
2.5 Constituent materials 
The constituent materials for no-fines concrete comprise cement, 
water, and coarse aggregate of suitable grading, with fine aggregate 
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(sand) excluded from the mix proportion. Generally the cement and 
aggregates used should satisfy the requirements for dense concrete 
2.1, 2.3, 2.9 
The type of coarse aggregate used include gravels, crushed stones 
and crushed burnt claybricks 2.1 , 2+, 29, 2.20, 2.21 The characteristics and 
quality of the aggregates must comply with standard specifications (in 
Britain, BS.882:1983). The recommended aggregate size is 20 mm, how-
ever aggregates with maximum size of 75 mm have been used successfully 
in the past 28 . The preferred aggregate grading is single-sized (Sections 
3.3 and 3.5). Lightweight aggregates such as foamed slag, expanded 
clays and shales are also suitable for use where a lightweight no-fines 
concrete is required 2.1, 2.3, 2.8 
The type of cement normally preferred is Portland cement complying 
with standard specifications, e.g. BS. 12: 1978 for UK practice. Rapid 
hardening Portland cement is occasionally used in cases where high 
early strength is required. 
The mixing water is required to be clean and free from oil, acid, 
alkali and organic matter. Sea or salt water is not recommended to be 
used 2.20 
The constituents of reinforced no-fines concrete consist of the 
aforementioned properties for the plain concrete as well as steel reinforce-
ment. Plain and deformed steel bars can be used (see Section 9. 2), 
but generally deformed types are preferred. All steel bars for use 
in no-fines concrete construction must be protected against corrosion 
by precoating with cement slurry. 
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CHAPTER 3 
EXPERIMENTAL INVESTIGATION 1: MATERIAL CONTROL TESTS 
3. 1 Introduction 
The strength and durability of concrete depends very much on 
- 	the quality of its constituents, and their mix proportions including water. 
For no-fines concrete, the constituents (as shown in Section 2.1) con-
sist of cement, coarse aggregate and water with sand being left out. 
The coarse aggregate in no-fines concrete forms about 80-90% 
of its volume; the quality of the concrete is therefore very much in-
fluenced by the quality of the aggregate used. Like dense concrete, 
the strength of no-fines concrete is also affected by the cement content. 
Since the binding matrix consists only of water and cement, in the absence 
of sand, the proportion of water used in a mix becomes a critical factor. 
The effect of aggregate size and cement content on the crushing strength 
of the concrete is shown by a report of Short and Kinniburgh 3 ' who 
stated that the strength of this type of concrete increases with decreas-
ing aggregate size. The same report went on to state that variation in 
the water-cement ratio for a mix proportion can alter the strength of 
the concrete over 100 per cent. 
An attempt to design a mix for no-fines concrete by application of 
normal concrete mix design principles generates many complications by 
the very nature of this type of concrete. Whereas in a normal structural 
concrete high workability is required for the desirable full compaction, 
no-fines concrete is deliberately only partially compacted in order to 
create pores within it and enhance its thermal insulation properties. 
As already stated, the proportion of water in a mix is critical for no-fines 
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concrete unlike dense concrete in which a range of water contents may 
be used in a mix. The omission of sand in no-fines concrete may result 
in too much water in a mix producing very wet and fluid cement paste. 
Such fluid paste cannot stick to the aggregates properly and only fill 
the voids. Alternatively, too little water in a mix can produce a dry 
paste which cannot coat the aggregate particles properly. In other 
words the water content must be correct to produce a consistent paste 
which can coat the stones properly. 
The recommended practice, judging from previous work done on 
this concrete as well as experience gained over the years, for no-fines 
concrete mix design is to proceed by use of trial mixes. This is corrobor-
ated by the work of Macintosh et al. in 1965 3 .2 and that of Krishna Raju 
3-3 
et al. in India in 1975. 
Before starting the main experimental investigations for the thesis, 
preliminary material control tests were therefore needed to check on 
the quality of materials that were to be used for the investigations. 
Subsequently, in order to determine the optimum water/cement ratio 
necessary to achieve a minimum crushing strength at 28 days of 2.75 
N/mm 2 , as specified for no-fines concrete by BS Code of Practice CP. iii 
for the aggregates to be used in the investigation, concrete strength 
tests were carried out. 
Three different types of aggregate which are thought to be very 
common in most developing countries were selected for the tests. Sieve 
analysis, physical and mechanical property tests were carried out on 
the aggregates. Also, chemical analyses of the aggregates were made 
These preliminary investigations are described below. 
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3.2 Mix design and proportions 
3. 2. 1 General 
The physical properties of concrete can be varied depending 
upon the changes that are made to the proportions in which its materials 
are mixed. A small variation in the water or cement content could alter 
the ultimate strength a great deal. To obtain good quality concrete 






The objective in concrete mix design is therefore to select the optimum 
proportions of materials, i.e. cement, water, and aggregates so as 
to produce a concrete that would have all the above characteristics 
and any other required properties. 
The principle s 3  of concrete mix design are based on two empirical 
factors from which evolve mix design procedures. 
The water/cement ratio-strength and durability of concrete are 
influenced by this most important parameter. 
The workability directly dictates concrete compaction - consist-
ency, mobility and comp actability 3,6 - and consequently all 
properties that depend upon compaction. 
Approaches to mix design in Great Britain - proposed (in 1950) 
by the Road Research Laboratory 37 , and also the recently propounded 
sequel, i.e. the DOE Mix Design Method 3.8 - are based upon these empirical 
facts. 
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3. 2. 2 Mix design for no-fines concrete 
The most important criterion in mix design for no-fines concrete 
is that the concrete should have a minimum crushing strength at 28 
days of 2.75 N/mm 2 to comply with CP.111 3 . 
The principles upon which to base the mix design in order to 
achieve the above mentioned criterion for this type of concrete, however, 
is found to be different from that of dense 6oncrete 31 . For instance, 
one of the principles governing mix design for dense concrete pertains 
to workability of the concrete. For normal structural concrete it is 
essential that the concrete be fully compacted so as to obtain high density. 
In no-fines concrete construction, on the other hand, the concrete is 
deliberately laid with very little compaction or in a semi-compacted state 
so as to create internal voids and generate and/or enhance its thermal 
insulation properties. 
Studies 3.2 done on no-fines concrete have shown that the waterIJ 
cement ratio (which underlies another principle governing mix design) 
affects the strength of this type of concrete to a greater extent than 
it affects dense concrete. It is found that the appropriate water/ement 
ratio to provide 'a satisfactory consistency will vary with each particular 
type of aggregate and cement. For any given aggregate, an excessive 
amount of water will produce a very wet and fluid cement grout which 
will run and separate easily from the stones to fill the voids. On the 
other hand, too little water can also produce a dry paste which may not 
coat the aggregate particles properly, thereby leading to insufficient 
adhesion between the aggregate and cement paste. The quality of a 
cement paste is judged to be satisfactory when it coats the aggregate 
particles with a shining film that gives a metallic look. 
IC 
The amount of water required in a mix will vary according to 
the aggregate used and also with the humidity of the atmosphere. The 
water content therefore becomes critical with these varying factors. 
These variables make it difficult to follow the conventional design 
procedure for this type of concrete. 
For any type of aggregate there is a narrow swaying optimum 
water/cement ratio and, unlike dense concrete, a range of water contents 
cannot be used. As shown in work done by Macintosh et al. 
3.2, the 
mix design procedure normally recommended for this type of concrete 
is by trial mixes based on the minimum strength expected to satisfy 
BS CP. iii. The correct water content for any type of aggregate is 
therefore determined from trial mixes. 
Hence to obtain the optimum water/cement ratio giving the maxi-
mum strength for any type of aggregate and mix proportion, trial mixes 
are selected. From the test results obtained a graph of compressive 
strength versus water/cement ratio is drawn. From the graph, as 
shown by Short et j3.1 , the optimum water/cement ratio is determined 
(Fig. 3.1). 
3.2.3 Mix proportions 
The mix proportions selected for the preliminary material control 
tests to determine the optimum water/cement ratios to give the maximum 
strengths for the various aggregates were 1: 8 and 1: 10 by weight 
respectively. These mix proportions are commonly recommended for 
no-fines concrete house construction in Britain for houses up to 3 storeys 
high 39 . 
Trial mixes of water/cement ratios ranging from 0.32 to 0.43 and 
varying at 0.02 intervals were selected for the series of strength tests. 
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It was expected that the optimum water/cement ratio eventually deter-
mined for each aggregate, from these tests, would provide a crushing 
strength of not less than 2.75 N/mm 2 . Details of the mix proportions 
are shown in Table 3.1. 
3.3 Aggregate quality tests 
3. 3. 1 General 
Among the constituents of no-fines concrete, aggregates make 
up the greatest proportion. It can be considered to constitute about 
80-90 per cent of the volume of the concrete depending upon the density 
of the aggregate. The quality of the aggregates used can both affect 
the cost and quality of the concrete produced. Their physical and 
chemical characteristics together with the relative proportions of aggreg-
ates do affect to a great degree the properties of the concrete produced 
from them in both the plastic and hardened states. 
The criterion for a good aggregate is that it should produce 
the desired properties in both the fresh and hardened concrete. In 
order to obtain the desired properties for the hardened no-fines concrete, 
tests were carried out on three different types of coarse aggregates. 
The experimental investigations performed cover the tests commonly 
carried out to assess the quality of aggregates for concrete as specified 
in BS 812:1975' ° , and BS 882:1975". The first test series was sieve 
analysis to determine the particle size distribution; the second involved 
determining the physical properties; and the third set of tests determined 
the mechanical properties. 
A chemical analysis of the aggregates was carried out and is 
given in Table 3.6. 
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3. 3. 2 Sieve analysis test 
The grading of an aggregate defines the proportion of particles 
of different sizes in the aggregate. The size of the aggregate particles 
normally used in no-fines concrete varies from 20 mm to 10 mm which 
is considered to be single-sized 31, hence the aggregate is simply taken 
as 20 mm single-sized. It is stated that for aggregate sizes smaller 
than 10 mm, cement consumption is greater for any particular mix propor-
tion while, in contrast, for sizes greater than 20 mm, the cement con-
sumption reduces slightly 3 . The grading of an aggregate can have 
a considerable effect on the workability of a concrete and is a most 
important factor in concrete mix design. 
The grading is determined by the proportion by weight of the 
material retained on BS 412 test sieves. For the grading tests on coarse 
aggregates for this work the BS standard sieve sizes of 37.5 mm, 20 mm, 
10 mm and 5 mm were used. 
Grading tests were done according to BS 812 310 on the following 
coarse aggregates each of 20 mm single-size: 
whinstone aggregate; 
black/pink granite from Correnie; 
black/white granite from Creetown; 
and the results are presented in Table 3.2. 
3. 3. 3 Physical properties tests 
3. 3. 3. 1 General 
The physical characteristics of aggregates are considered as 
important factors that influence the quality of the concrete. For instance 
the effective water-cement ratio for any type of aggregate is determined 
from the moisture content and water absorption percentage values of the 
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aggregate. Some of the physical properties that need to be considered 
when determining the suitability of an aggregate for concrete work 





The tests to determine the properties for the selected aggregates were 
carried out in accordance with BS 812: Part 2:1975' ° . 
3. 3. 3. 2 The bulk density test 
The bulk density of an aggregate is normally defined as the weight 
of the aggregate that would fill a container of unit volume 3•10 For any 
type of aggregate, the value of the bulk density depends upon how 
densely it is packed and on the degree of compaction of the aggregates 
in a given size. 
BS 812 recommends two states of compaction for determining 
the bulk density of an aggregate, viz, loosely and densely compacted. 
For no-fines concrete the loose compaction test is the appropriate method. 
Bulk density tests were performed for the three types of aggregates 
selected for testing (Section 3.3.2). The test cylinder was carefully 
filled with the aggregate for testing without any compaction. The top 
of the container was levelled off and the net weight of the aggregate 
in the container was determined. 
The bulk density was calculated to be equal to the net weight 
of the aggregate divided by its volume. 
The test was repeated three times and the average value was 
taken. The results are given in Table 3.4. 	- 
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3. 3. 3. 3 Test for relative density and water absorption 
The tests for relative density and water absorption were carried 
out in accordance with BS 812: Part 2:1975 Cl 5 and the results are 
summarised in Tables 3.3 and 3.4. 
3.3. 3.4 Test for moisture content 
The test for the moisture content was carried out in accordance 
with BS 812:Part 2:1975 Cl 7, and the results are shown in Table 3.3. 
3. 3. 4 Mechanical properties tests 
3. 3. 4. 1 General 
The appropriate mechanical properties of the aggregate selected 
for testing are the aggregate impact and crushing values. These two 
form part of the important mechanical properties of aggregates commonly 
determined in laboratories. 
The aggregate impact value provides a relative measure of the 
resistance of an aggregate to sudden impact or shock. The relevant 
BS recommends that the value for an aggregate should not exceed 30 
(BS 812:Part 3:1975). 
The aggregate crushing value gives a relative measure of the 
resistance of an aggregate to crushing under a gradually applied com-
pressive load. It is recommended that the value should be not greater 
than 30 (BS 812:Part 3:1975). 
3. 3. 4. 2 Tests for aggregate impact and crushing values 
The tests for the two mechanical properties of the aggregates 
are done to conform to BS 812: Part 3:1975 Cl 6 and Cl 7. A summary 
of the results for the aggregates' impact and crushing values are given 
in Table 3.5. 
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3.4 Reinforcing steel bar tensile strength tests 
3. 4. 1 General 
Two types of reinforcing steel bars were selected for the strength 
tests. These were hot rolled plain mild steel round bars and cold drawn 
high yield deformed bar or tor steel bar. 
3.4. 2 Test materials 
3. 4. 2. 1 Plain mild steel bar 
The type of mild steel bars used for the tests were round (smooth) 
ones with diameter of 12 mm. These plain bars conform to BS 4449:1978. 
3. 4. 2. 2 Deformed steel bar 
The deformed bars were also of 12 mm diameter and conformed 
to BS 4461: 1978. 
3. 4. 3 Steel tensile strength test procedure 
Tensile tests (BS 18) were carried out on three different speci-
mens for each type of steel bar. The tests were carried out in an Avery 
Testing Machine and the strain resulting from the applied load was each 
measured by means of a Hottinger Balwin Messtechnik strain gauge 
extensometer HBM Type DD  on a gauge length of 100 mm in conjunction 
with an HBM 225 Hz carrier frequency amplifier and digital indicator 
types KWS 3050 and DA 3417 respectively. 
The geometry of the reinforcing steel bars is given in Table 3.8 
and Fig. 3.4. 
3. 4. 4 Steel tensile strength test results 
The results for the stress-strain relationships drawn for both 
the plain and deformed bars at ambient temperature are given in Fig. 3.5. 
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Stress-strain relationships for the various reinforcing bars heated 
to various temperatures and tested on cooling were as shown in Chapter 
8, Section 8.7. 
A summary of results of the tensile properties of the reinforcing 
steel bars is provided in Table 3.10. 
3.5 Concrete strength tests 
3.5. 1 General 
The compressive strength of no-fines concrete for different types 
of aggregates is influenced by the water/cement and aggregate /cement 
ratios. For each type of aggregate and aggregate /cement ratio there 
is an optimum water/cement ratio corresponding to the maximum strength 
of the concrete. 
The object of this experimental investigation was to determine 
these optimum values. 
Two mix proportions - of 1 : 8 and 1: 10 each representing cement 
aggregate proportions - were selected for the tests. These tests were 
done in accordance with p 1-881:Part113:198a3. T] 
3.5.2 Specimens 
A total of 180 cube specimens (150 mm size) were prepared for 
the tests. The tests were carried out in 3 sets. Each set represented 
a particular type of aggregate. Sixty specimens were prepared for 
each set - 30 specimens for each mix proportion. 
3. 5. 3 Materials 
The cement used was ordinary Portland cement complying with 
BS 12.1978. 
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Three different types of 20 mm single-sized crushed stone 
aggregates were selected for the tests, namely: 
Whinstone (basalt) aggregate with shrinkage value of 0.047% 
obtained from Kaimes Quarry, Edinburgh. 
Black/pink granite obtained from Correnie, Aberdeenshire 
(non-shrinking aggregates) 3.16 
Black/white granite obtained from Creetown, Dumfriesshire 
(non-shrinking aggregate) 3,16 
The grading limits, physical and mechanical properties of the aggregates 
are given in Tables 3.2 to 3.5. The moisture content and water absorp-
tion of the aggregates are listed in Table 3.3. 
The mass of aggregate required for preparing each batch of con-
crete was soaked in water over night and allowed to drain for at least 
30 minutes before use. This ensured that the aggregate was in a satur-
ated surface dry condition at the time of mixing the concrete. 
3. 5.4 Mix proportions 
The mix proportions were 1 : 8 and 1: 10 by weight (see Section 
3.2.3). 
For the purpose of determining the appropriate water/cement 
ratio that would provide the highest strength in each aggregate /cement 
ratio, six trial water./cement ratios were selected and tried for each 
aggregate /cement mix proportion. The details of the mix proportions 
only are given in Table 3.1. 
The effective water /cement ratio for each mix proportion was cal-
culated from the results obtained for the moisture content and water 
absorption values for the aggregates. 
26 
3. 5. 5 Mixing procedure 
The mixing was done in a rotating drum mixer of 0.1 rn 3 capacity 
with counter rotating blades. The required quantities of materials (Table 
3.1) were weighed individually in buckets on a 50 kg capacity platform 
balance. 
The aggregates were first discharged into the mixing drum. A 
proportion of the mixing water - about half the requisite amount - was 
then added to the aggregate and the mixing machine was run for some 
time until the aggregates became wet. The cement was next added and 
the constituents were mixed for 1 minute. The remaining amount of 
mixing water was finally added and the mixing was continued for a further 
2 minutes for each stone to become uniformly coated with cement grout. 
On completion of the mixing, the entire contents were discharged 
into a wheelbarrow and covered with polythene sheet before moving 
it to the casting bay. 
3. 5.6 Casting 
Six 150 mm steel cubic moulds and their extension pieces (Fig. 3.2) 
made to comply with BS .1881: 1983 were assembled for the casting on 
a flat level firm surface. The extension pieces were fitted to the top 
faces of the moulds and the inside faces of the moulds were lightly oiled. 
These moulds were prepared ready for the concrete to arrive. 
Each mould was filled with fresh concrete in two layers using a 
trowel and making sure each corner of the mould was well filled. Every 
layer of the fresh concrete placed in the mould was compacted 10 times 
with a special tamper in accordance with BS.1881: Part 113:1983, Cli. 1 
(Fig. 3.2). 
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After completion of the casting the mould extension pieces were 
removed. The top surfaces of the concrete were levelled off to obtain 
reasonably true finished surfaces. The specimens were then left covered 
with moist hessian and wrapped around with polythene sheets. Approxi-
mately 24 hours after casting, the specimens were dernoulded, identified, 
weighed and left to cure in a room with relative humidity of 60 ± 5% and 
temperatures of 20 ± 5°C. 
3. 5. 7 Curing of specimens 
The specimens were submerged in a curing tank after demoulding, 
weighing and marking. When all air bubbles ceased to rise from the 
specimens they were removed from the tank and left to drain. After 
the surface water had drained from the specimens, they were wrapped 
with damp hessian and placed in polythene bags. 
The polythene bags containing the cubes were then sealed and 
the specimens left to cure for 5 days. After the 5 days, the specimens 
were removed from the bags and left to cure under open air in the labor-
atory until required for testing. 
3. 5. 8 Testing of specimens 
A Denison Hydraulic Compression Testing Machine was used for 
testing the specimens. The loading capacity of the machine was 
2000 KN. 
Before each cube was tested, its weight and dimensions were 
recorded. 
Load was applied to each specimen and increased continuously 
at the rate of 15 MN /M2 per minute until the specimen failed. 
The maximum load applied to the particular specimen before it 
failed was recorded as its maximum cube crushing strength. 
W. 
Six specimens were tested, three after 7 days and the remainder 
after 28 days respectively. 
3. 5. 9 Test results 
The compression strength and densities were calculated for all 
the specimens tested. Figure 3.3 shows a typical graph of compressive 
strength against water/cement ratio plotted for the results for the 
various mix proportions. Table 3.7 contains the summary results of 
the values obtained for the optimum water/cement ratios for the various 
mixes together with the maximum strengths. 
The weights of the concrete constituents needed per cubic metre 
(rn 3 ) were calculated for the various aggregates and mix proportions 
and these are shown in Table 3.9. 
3.6 Summary 
Preliminary material control tests as described were carried out 
on a number of crushed stone aggregates intended to be used for casting 
specimens for the main experimental investigations. 
The objects of the tests were: 
to determine the grading limits of the aggregates; 
to determine the quality of the aggregates; 
to determine the appropriate water/cement ratio that would assist 
in obtaining the minimum required crushing strength for each 
aggregate type concrete mix. 
to determine the strength and quality of the reinforcing steel 
bars. 
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The results of the tests show that: 
The grading of two aggregates (i.e. the whinstone and the black/ 
pink granite) were within the acceptable limits required for no- 
fines concrete 3.1-3•3, 3.11, 3.12, 3.15- 317 
The grading limit of one aggregate, i.e. the black/white granite, 
was slightly below the limit stipulated for 20.0 mm size BS sieve. 
The qualities of the aggregates were good and generally satisfied 
the appropriate BS Standard s 3 ' 
4a. Re whinstone aggregate: 
For a cement-aggregate mix proportion of 1: 8, the optimum 
water/cement ratio was 0.36. 
For a cement-aggregate mix proportion of 1: 10, the optimum 
water/cement ratio was 0.40. 
4b. Re granite aggregates: 
(1) For 1: 8 mix, the optimum water/cement ratio was 0.38. 
(ii) For 1: 10 mix, the optimum water/cement ratio was 0.41. 
a 
The whinstone aggregate has,)smaller proportion of silica compared 
with the granites, hence it could be more suitable for higher tem-
perature concretes. 
The tensile strength, the yield stress, and deformations of the 
plain and deformed bars met the requirements of CP 110, Part 1: 
1975. 	 - 
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CHAPTER 4 
THERMAL INSULATING PROPERTIES OF 
CONCRETE AND THEIR DETERMINATIONS 
4. 1 Introduction 
One of the most important functions expected of a building struc-
tural element such as a wall is to serve as a barrier in controlling or 
insulating the internal environment against the temperature fluctuations 
that accompany external climatic variations. Buildings in arctic or tropical 
lands are designed to serve either the need of a cold climate or a hot 
climate depending upon where it is situated. However, a building can 
only be designed to satisfy the need of a particular environment through 
use of building materials with appropriate thermal characteristics and 
properties. 
The old and traditional practice of building construction has been 
to construct buildings with thick walls which were plastered, and there 
was very minimal resort to thermal insulation. Modern construction 
practice, however, is to design and construct economic buildings with 
thinner structural elements. Furthermore, the dwindling of natural 
resources and present world economic crises have placed a demand on 
many countries to resort to energy conservation either by preventing 
excessive heat loss to reduce space heating costs or by controlling heat 
gain to reduce air-conditioning costs. 
Designers and builders are forced by present demands to pay 
more attention to the performance standards of their buildings. The 
need to design for a habitable thermal environment has created the require-
ment for use of building materials with the essential thermal insulating 
characteristics and properties. 
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Consequently, experimental investigations have been undertaken 
to determine the thermal insulating properties of no-fines concrete as 
a building material (see Chapter 5). Before the experimental investiga-
tions are considered, it is intended in this chapter to discuss briefly 
the basic nature of heat, its mode of transfer and its effects on thermal 
properties of concrete. A review of the work carried out by other resear-
chers into the thermal insulating properties of concrete in general is also 
carried out. The various methods of determining the thermal conductivity 
together with the development of suitable apparatus are discussed as well. 
The scope of the experimental investigation (as described in Chapter 
5), covers the measurement of the thermal conductivity and diffusivity 
as well as specific heat of no-fines concrete for three different types 
of crushed stone aggregate and two different mix proportions. For the 
purpose of comparison the k-value for gravel aggregate dense concrete 
of 1 :2: 4 mix proportion was determined. 
As these tests formed part of a general and more extensive investiga-
tion into the effect of fire on no-fines concrete construction, time was 
a critical factor. There was therefore the need for use of a simpler and 
quicker method for the k-value measurements and the transient rather 
than the steady state approach was chosen in consequence. 
The test apparatus built for the purpose was calibrated with standard 
specimens obtained from Salford University which is a British Calibration 
Centre for thermal conductivity tests. 
4.2 Principles and modes of heat transfer 
4. 2. 1 Principles of heat 
The fundamental principle of heat is based on the tho16cU1ü theory 
of matter 1 . This theory states that all matter is composed of molecules 
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and may exist in the form of either a solid, a liquid or a gas. Molecules 
are in a state of ceaseless random vibration regardless of their form 2 . 
The energy due to this molecular motion is called heat L". In the develop-
ment of theories concerning the nature of heat, it was earlier considered 
to be a kind of weightless fluid which was called calorie. The caloric 
theory 4-3  considered the .transfer of heat from one body to another to 
be by the flow of caloric fluid from the hotter to the colder body. 
The present concept that heat is a form of energy was first devel-
oped by Benjamin Thompson' (Count Rumford, 1735-1814). This concept 
was later confirmed by Joule 4,2 in 1840 who carried out experiments on 
heat and other forms of energy. As a result units of heat energy now 
are called joules. 
4. 2. 2 Modes of heat transfer 
The process of heating and cooling imply basically a transfer of 
thermal energy from a higher to a lower level 2 . Heat always seeks 
the lowest temperature level, therefore the transfer of heat means the 
flow of heat from either a hotter to a cooler part of the same body or bet-
ween different bodies. The mode of transfer of heat in a body may take 
place by one or more of three methods, namely by (i) conduction; (ii) 
convection; and (iii) radiation. 
Heat transfer by conduction is described as the process by which 
heat energy is transported from a warmer body to a colder body by 
contact, or from a warmer to colder part of the same body. 
Convection heat transfer takes place in either liquids or gases, 
i.e. fluids. The heat transfer mechanism is produced by the actual 
movement of fluid particles or molecules from a higher temperature point 
to a lower temperature point. 
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The process by which heat is transmitted across space with or 
without the presence of matter (and without the intervening medium 
itself becoming heated) is known as radiation. Heat radiation belongs 
4,4 to the same part of the electromagnetic spectrum as light radiation. 
An important distinction between heat transfer by conduction 
and by convection is that convection involves a physical movement of 
the medium (i.e. the fluid) by which the heat is transferred. Heat 
transfer by conduction, however, takes place within a material medium. 
It involves an exchange of thermal energy between molecules where 
the less energetic particles, hence with lower thermal energy, gain energy 
by colliding with the more energetic ones. This process occurs at the 
molecular level and no mass movement or motion is involved 2 . 
The various modes of heat transfer are considered in more detail 
by Morgan'. 
4. 2. 3 Heat transfer through building materials 
- 	Heat transmission through solid building materials takes place 
principally by conduction. However, in any given situation relating 
to thermal transfer in a building, two or three of the various modes 
of heat transfer discussed above may be active simultaneously. The 
intensity of the heat transferred by conduction through a material depends 
upon factors such as temperature gradient and the thermal characteristics 
of the material such as its conductivity. 
Any factors that prevent a material from performing a thermal 
function or create difficulties therewith stem from the various modes 
of heat transfer that may occur in its fixed location as well as within 
the material itself, depending upon its properties. For example, the 
presence of voids or pores (considered here for their relevance) in 
a no-fines concrete building component affect the various modes of heat 
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transfer in operation to influence the values of its thermal conductivity. 
These factors will be considered further at a later stage. 
A summary of the various modes of heat transfer and how they 
can occur in a building is shown diagrammatically in Figure 4.1. The 
diagram illustrates the various ways heat can be transmitted into and 
out of a building. 
4.3 Thermal insulation characteristics and properties of concrete 
4. 3. 1 Thermal insulation 
For a constant temperature to be maintained within a building, 
it is necessary for the rate at which heat energy is exchanged with 
the outside environment to be controlled 45 . Energy can be conserved 
and heating or cooling costs reduced if heat is kept within or out of 
a building for as long as possible. Thermal insulation is a major factor 
in controlling either the gain or loss of heat by or from buildings 6 . 
Few buildings, whether residential or industrial, are now designed without 
consideration for thermal insulation. 
One other major benefit of good thermal insulation is that the 
risk of surface condensation 7 is reduced by the effect of the warmer 
internal surfaces. Good insulation can also reduce the time taken for 
a room to heat up to a comfortable temperature. A good thermal insulation 
will also reduce the flow of heat into a building when the temperature 
outside is greater than the temperature inside. 
The main purpose and 	 8 of thermal insulation is to restrict 
the rate of heat transfer from either the inside or the outside of a building 
or control the heat exchange between different parts of a building struc-
ture. Other important applications of thermal insualtion in building 
de sign 2 can be stated briefly as follows: 
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To conserve heat or cold by maintaining temperature difference 
between indoors and outdoors and thereby reduce cost of energy. 
To minimise the effects of directional radiation under conditions 
of high solar radiation. 
To shield occupants from radiation from high temperature sources. 
To control thermal movements of structural elements, e.g. insula-
tion of concrete roofs to prevent thermal expansion and contraction 
of the concrete slab. 
To ensure quick response to intermittent heating or cooling of 
heavyweight structures and so reduce cost of plants. 
To control visible condensation. 
Most insulating materials are also effective in absorbing sound or 
reducing sound transmi 	7ssion 
4. 3. 2 Thermal insulatinq materials 
The resistance of a material to conduction of heat is a measure 
of its insulating value. A thermal insulator is a material which opposes 
the transfer of heat between areas at different temperatures. The main 
method of heat transfer is by conduction, however, other modes of heat 
transfer such as discussed in Section 4.2 usually are or may at.any 
time be present as well. 
The choice of material for insulating purposes is determined essen-
tially by its ability to resist the flow of heat. The best resistor of heat 
flow commonly available for use in buildings is air 6 , provided that it 
can be kept still. Hence those materials that conduct heat least are 
used as insulators 9 . Such materials have their molecules spaced well 
apart and may also be porous and of low density. Gases, which are 
considered the best insulators against conduction, have the most widely 
4*7 spaced molecules . 
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One group of thermal insulators for use in construction is light-
weight concrete 49 . Normally concrete would not be considered an insulat-
ing material. However, lightweight concretes, because of their low unit 
weight.and porosity, have some degree of insulation and hence are used 
as insulators. A no-fines concrete unit derives its insulating property 
from the air layer which is trapped within the pores of the concrete. 
By preventing circulation of the trapped pockets of air within the voids 
of this type of concrete, the thermal resistance is enhanced. 
Certain types of insulating material serve more than one purpose 
in a building. In addition to their role as insulants they serve as struc-
tural members. An example of insulating materials which may be used 
for structural purposes, i.e. for load bearing purposes, are lightweight 
concretes used in the form of blocks or slabs for walling or poured in-
situ such as no-fines concrete. The blocks, walls or slabs may be used 
as panel wall infiling in framed structures. Another example of insulating 
material which may be used structurally is the rigid slab of wood-wool 
or compressed straw which can form a structural roof deck. 
Thermal insulation materials used in construction can be classified 
according to the following general types 2''°' f11: 
rigid preformed material, e.g. aerated concrete blocks, light-
weight aggregate and no-fines concrete walls, insulation boards; 
flexible materials (usually supplied in rolls), e.g. fibreglass 
mats and blankets, mineral wool; 
loose-fill materials, e.g. expanded polystyrene granule and slag 
wool loose-fill; 
materials formed in-situ or on site, e.g. foamed polyurethane; 
reflective materials, e. g. aluminium foil; 
vegetable materials, e.g. thatch, kapok, cotton, cork, cane 
and fibrous plants. 
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4. 3. 3 Thermal insulating characteristics and properties 
4. 3. 3. 1 General 
The choice of a material for building construction depends upon 
its functional properties hence for thermal insulation of a building the 
appropriate functional properties of importance are the thermal properties. 
The determination of the rate of heat transfer in and out of a building 
is also dependent upon knowledge of the thermal properties of the build-
ing elements. Other reasons why data on thermal properties are of 
importance in construction (in relation to concrete) can be listed as 
follows: 
(1) a large slab may develop cracking or warping when subjected 
to temperature change; 
statically indeterminate structures could have extra stresses 
induced on them due to temperature change; and 
collapse of buildings due to fire. 
The important thermal properties that need to be considered are 
conductivity, specific heat, thermal diffusivity and coefficient of thermal 
expansion. These properties. and the values obtained for them for con-
crete by others are discussed in the following sections. 
4. 3. 3. 2 Thermal conductivity 
The characteristic of a material which determines the rate of flow 
of heat through it is called its thermal conductivity or simply known 
as k-value. Thermal conductivity is a specific property of a material 
and its magnitude is a measure of the ability of the material to transmit 
heat through itself when a difference exists between the temperatures 
of its surfaces. It is therefore defined 4,12 as the quantity of heat that 
will flow through unit area, in unit time, when unit difference of tem-
perature exists between the faces of unit thickness of the material. It is 
measured in W/mK. 
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Thermal conductivity of concrete 413 14,4.60 (Figure 4.2) varies con-
siderably from one type of concrete to the next. The k-value is in-
fluenced by several factors such as density, porosity, moisture content, 
nature and constituents of the concrete as well as temperature and the 
mineralogical character of the aggregate ' 3 ' 1 '. The influence of the 
various factors are discussed in later sections. 
The thermal conductivity coefficient is the thermal property very 
often needed in calculations for the thermal transmittance of heat through 
building structures. It is required for assessing average rate of heat 
flow through a building wall, roof or floor and also for determining varia-
tions in heat flow through walls. Much research work has been carried 
out to determine its value for different types of dense and lightweight 
concretes. Some of these reports are on work done by the National 
Physical Laboratory ' 5 (NPL), Jespersen 16 , Ball 17 , Harmathy 18 and 
Mitchell'. Investigations on lightweight concrete are covered also 
in reports by Loudon et al. 4,13, Pratt and Ba11 419 and Short et 0I. 421  
The reported data on k-value for no-fines concrete are in reports by 
Short et 0/.20 , Petersen 21 , Brown et j4.22 , Loudon et 0/. 4, 13 , and 
Portland Cement Institute (PC  I) 23 . These reports appear to cover 
mostly gravel aggregate type of no-fines concrete except the PCI 
report. 
Tables giving the values of thermal conductivity for various build-
ing materials are published in CIBS/IHVE Guide Book A 4 *24 and values 
can also be found in some Building Research Establishment publication s' 3 ' 
The range of conductivity values for lightweight concrete 4-14  
varies from 0.12 to 0.95 W/mK for densities ranging from 320 to 1760 
Kg/M 3 . For dense concrete 4,13  the range of values is from 1.06 to 2.27 
W/mK for densities from 1920 to 2400 kg/M 3 . The range of k-value for 
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no-fines concrete 24 of gravel aggregate is from 0. 76 to 0. 99 for bulk 
dry density ranging from 1700 to 1900 kg /M3. The moisture content 
for all the k-values quoted above is 3 per cent by volume. The k-
value for no-fines concrete with clinker lightweight type of aggregate 
is reported by Short etal. 20  to be about 0.46 to 0.56 W/mK for dens-
ities from 1280 to 1440 kg/M 3 . The k-value of crushed stone aggregate 
no-fines concrete is given by PCI 23 as 0.72 W/rnK. The type of stone 
aggregate is not stated. 
The thermal conductivity of no-fines concrete is noted, according 
to Neville' ,to be very appreciably increased with the presence of a 
high moisture content in the concrete. The effect of moisture content 
on k-value is discussed in greater detail below. 
4. 3. 3. 3 Specific heat 
Thermal capacity is an important property of building materials. 
It shows the ability of the material to store heat. For the same mass 
or weight of different materials, a measure of heat content of the dif- 
ferent materials would show different values or quantities 7 . This means 
that the heat capacity of a particular material is measured by a value 
of its specific heat capacity. The magnitude of a thermal capacity is 
expressed as the product of its mass and its specific heat. 
The specific heat of a material is therefore defined as the quantity 
of heat energy required to raise the temperature of 1 kg of that material 
by 1°C. It is measured in units of J/kgK. According to McMullan 46 , 
specific heat values vary for different types of building materials. 
Specific heat of concrete is not significantly affected by the mineral-
ogical character of aggregate. Acäording to Neville 	the value is, 
however, considerably increased by an increase in the moisture content 
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of the concrete. The common range of values for ordinary concrete 
is between 0.84 and 1.17 kJ /kg K'1' '+.26,+6O The range of values for 
lightweight concrete is between 0.75 to 1.07 kJ/kgK' 8 . Tests done 
by Brown and Javaid' 22  on the thermal conductivity of fresh no-fines 
concrete, showed that the specific heat for the concrete of 1% moisture 
content and bulk density 1860 kg/M 3  is about 0.87 kJ/kgK. This appears 
to be the only reported data on specific heat for no-fines concrete. 
The effect of temperature on the specific heat of various concretes 
was studied by Harmathy 18 who showed that the specific heat tends 
to increase in value with increasing temperature, nevertheless, the 
rate of increase is slower for lightweight concrete (Figure 4.3). 
4. 3. 3. 4 Thermal diffusivity 
Thermal diffusivity is a characteristic property of a building 
material representing the rate at which temperature changes within a 
mass can take place. It is used in considering temperature distributions 
where thermal equilibrium is not established, that is, unsteady transfer 
state. 
The rate of rise of temperature in concrete is a function of its 
thermal diffusivity 2 . Diffusivity (6) is related to the conductivity 
(k) by the equation: 
6 = 	(m 2 /s) 	 . . . (4. 1) 
where c p = specific heat 
p = density of concrete 
As thermal diffusivity values are determined from data on conductivity, 
specific heat and density, any changes in these values will affect the 
value of the thermal diffusivity. 
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The range of typical values of diffusivity of ordinary concrete 14' 4,61 
is between 0.002 to 0.006 m 2 /h depending upon the type of aggregate 
used (Figure 4.4a). For lightweight concrete 427 , the values vary from 
0.0013 to 0.002 m 2 /h. Brown and Javaid 22 have shown in their studies 
on fresh no-fines concrete, that the' diffusivity of no-fines concrete of 
bulk density 1860 kg/M 3  and moisture content 1 per cent is about 
0.00297 M 2 /h. 
Harmathy 18 , Carman, Schneider and other s 62 have studied 
the effect of temperature on diffusivity. Their results show that there 
is little change of value of diffusivity of lightweight concrete with tem-
perature (Figure 4.4a)-. That of dense concrete, however, decreases 
to almost half its value by 700°C 27, +28 61 This indicates that for 
dense concrete the rate of heat flow decreases at higher temperatures. 
For lightweight concrete (e.g. no-fines) the rate of heat flow is virtually 
constant throughout the heat treatment with just slight decreases at higher 
temperatures above 600°C. 
Thermal diffusivity data enables heat transfer to be computed 
for concrete structure s 27 . This is demonstrated by the work of Brown 
et al. 22  on prediction of temperature distribution in fresh concrdte 
slabs of conventional and no-fines concrete. 
4. 3. 3. 5 Coefficient of thermal expansion 
All materials exhibit a change in dimension when subjected to 
a temperature change, i.e. the material may expand when heated and 
contract on cooling. The coefficient of linear thermal expansion is a 
measure of the change in length with change in temperature. 
The linear expansion of concrete depends upon the concrete mix 
proportion, the type of aggregate and the moisture content. For dense 
concrete the value of the coefficient of linear expansion varies between 
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5.8 to 13.7 x 10 per °C with an average value of about 9.9 x 10_ 6 
per 0C. Stee1 427 has a linear expansion of about 12 x 10-6  per oC 
which is similar to that of concrete. The linear coefficient of expansion 
of no-fines concrete 21'4,2 9  with gravel aggregate is about 10.8 x 10_ 6 
per °C. 
In concrete construction, allowance has to be made for the effect 
of thermal expansion that may occur due to temperature change, espec-
ially for large concrete structures. 
Harada et al. 4,3 °, Ab ram s 28 and others carried out tests on the 
effect of temperature on thermal expansion and showed that the expan-
sion increases with temperature rise. The increase in expansion for 
lightweight concrete is generally smaller than that for dense concrete 18 . 
4. 3. 3. 6 Resistivity and thermal transmittance 
Some other thermal properties that may be mentioned briefly are 
resistivity and thermal transmittance or U-value. Resistivity' 3 ' is the 
length of time it takes to transmit a unit of heat through the same one 
square metre of material one metre thick, with unit difference in tem- 
perature. It will be seen that resistivity is an alternative index of con-
duction in materials and is the reciprocal of conductivity (i.e. r = 1/k) 
and has a unit of mK/W. 
- Thermal transmittance (U) is a property of an element of a struc-
ture comprised of different materials of different thicknesses. Heat 
is transferred through an element of a building such as a wall by a 
number of mechanisms. Layers of different materials conduct heat at 
different rates. In a cavity of wall, heat may be transferred by conduc-
tion, convection in the air gap and by radiation effects. At the inside 
and outside boundaries of the wall, heat may be transferred by convection 
and radiation. To describe the quantity of heat that will flow through 
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unit area of an element of a structure, the heat transmittance by the 
three processes will have to be combined into a single measurement. 
This measurement of the overall thermal transfer through a unit area 
of a structure (say a wall) is what is defined as thermal transmittance 
or simply known as a U-value. 
U-value is a measure of the overall rate at which heat is transmitted 
through a particular structural element (i.e. a wall) and is measured 
in units of W/m 2  K. Thermal transmittance provides a basis for compari-
son of insulation values of different wall, floor and roof constructions 
and for the calculation of heat loss through the structure of a building. 
4. 3. 4 Factors affecting thermal conductivity 
4. 3. 4. 1 General 
The factors which affect the values of thermal conductivity of 
building materials in general include the following: density, porosity, 
pore size, pore shape, moisture content, fibre diameter, temperature 
conditions, type of aggregate, type of gas in material and the gaseous 
environment. According to Campbell-Allen 32 and Loudon 
4,13  the con-
ductivity of concrete depends upon its constituents. Hence the major 
factors influencing the conductivity value of concrete can be listed as: 
 moisture content of the concrete; 
 the type of aggregate; 
 the mix proportions; 
 the type of cement; 
 the temperature of the concrete; 	and, 
 the density and porosity of the concrete. 
These major factors are examined in greater detail below. 
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4. 3. 4. 2 Density and porosity 
The relationship between density and conductivity for various 
types of concrete is shown by a report of Loudon and Stacy 13 to vary 
with the value of the bulk density of the concrete-vide (Figure 4.2). 
It is to be expected that thermal conductivity should vary with density 
since density is very much a function of porosity in the concrete 2 . 
In solid building fabric such as lightweight concrete block walls used 
as insulating materials, the insulating effect is due mainly to the air 
in the pores which, as a gas, is a poor conductor of heat. The thermal 
conductivity of air is 2.5 x 102  W/mK whilst that of water is 0.62 W/mK 
showing a ratio of 1 : 25, i.e. water has a conductivity 25 times higher 
than air. 
The lower composite conductivity of a porous material is due to 
the influence of conductivity of still air or gas within the pores. It 
may, therefore, be said that the conduction of heat through a porous 
body takes place mainly through the solid component and generally de- 
creases as the pore volume increases. The conductivity of such materials 
tends to decrease towards that of still air as the porosity or pore volume 
approaches 100 per cent. In practice, however, such extremely low 
conductivities are never reached because additional heat - generated by 
convection heat transfer as a result of air circulation as well as radiation 
heat transfer within and/or across interstices - occurs together with 
the heat transferred by conduction through the solid fibre or pore wall. 
The particle size also has some influence on the value of the con-
ductivity, that is, for a given bulk density of a material, the smaller 
the fibres or particles of the material, the lower its conductivity. This 
is so because with the smaller fibres or particles, the average size of 
the interstices is smaller so that convective heat transfer is lessened 33 . 
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The radiation across the interstices is influenced by the size 
of the pores. Greater(pore) heat is radiated through a substance 
composed of wide interstitial spaces than through the same volume of 
narrower interstitial spaces. The radiation heat transfer is almost 
inversely proportional to the bulk density 
t33, In a situation of higher 
temperature, therefore, a denser structure may give better insulation. 
Where materials of the same bulk density differ in thermal conduc-
tivity values, it is mainly due to the size, distribution and interconnec- 
tion of pores or voids. 
4. 3. 4. 3 Effect of temperature 
For the range of ambient temperatures normally experienced 
in a building, the effect of temperature changes on thermal conductivity 
of masonry materials, according to Van Straaten 2 , is considered to 
be small. The effect of heat on thermal properties was investigated in 
1949 by Jacob 34 . He stated that the behaviour of materials subjected 
to temperature changes depends upon whether they are crystalline 
or amorphous. Cement paste and most natural rocks used in concrete 
construction are considered to be crystalline ' 35 . The thermal conduc-
tivity of crystalline materials (Figure 4.3) decreases with increase 
in temperature whereas those of amorphous materials (e.g. fired bricks) 
increases with temperature rise (Figure 4.4b). 
On this basis, the thermal conductivity of concrete will decrease 
with increasing temperature. The work of Campbell-Allen et al. 
32, 
Davis 36  and others 
t37,  showed that the thermal conductivity of con-
crete depends upon those of its constituents. It means, therefore, 
that loss of moisture or free water in concrete due to temperature change 
will lead to a decrease in the k-value of the cement paste and hence that 
of the concrete (Figure 4.6a). The thermal conductivity may be reduced 
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further at higher temperatures due to the changing properties of the 
constituents 4-35 
Harmathy' 18  also did considerable work on the effect of temperature 
changes on various concretes. His results showed equally that the 
k-value of dense concrete tends to decrease with increasing temperature 
(Figure 4.3a). For lightweight concrete the effect of temperature changes 
on the k-value is minimal and tends to remain virtually constant with 
only a nominal decrease 27 (Figure 4.3a). 
There appears to be no reported data on the effect of temperature 
changes on the k-value of no-fines concrete. The reader is referred 
tp Chapter 7 for more discussion and information on the effect of tem-
perature change on thermal properties of no-fines concrete. 
4. 3. 4. 4 Effect of aggregates 
Thermal conductivity of concrete is affected by the type of 
aggregate used in making the concrete (Figures 4.6b and 4.7). According 
to Neville ' 11 ,,. the mineralogical character of the aggregate greatly 
affects the conductivity of the concrete. Work by Campbell-Allen and 
Thorne 32  also showed that the conductivity of concrete varies with 
the value of the conductivity of its constituent aggregates (Figure 4.6b). 
The conductivity of aggregates, however, is sensitive to the variation 
in its moisture content, i.e. increase in the moisture content of the 
aggregate tends to increase the value of the conductivity of concrete. 
Basaltic 438  types of aggregate are considered to have low conductivity 
dolomite and limestone have middle range values and quartz exhibits 
the highest value of conductivity (Table 4. 1). 
Tests done by Harada et al. ° ( 1972) and also by Zoldners 39 
(1968) (Figure 4.7) on the effect of temperature on thermal conductivity 
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of concrete indicated the same type of result as the effect that the 
type of aggregate has on the thermal conductivity of concrete. Mitchell 4,37 
(1956) showed also that basalt and trachyte types of rock used as aggreg-
ate for concrete have low conductivity and hence tend to reduce the 
conductivity of the concrete mass, whilst quartz rock, on the other 
hand, is a higher conductivity constituent. 
4. 3. 4. 5 Effect of moisture content 
Of all the factors that affect the thermal conductivity of concrete, 
the effect due to its moisture content 32 has a predominating influence 
(Figure 4.6). It was explained earlier on that the low conductivity 
of lightweight concrete is due to air-filled pores which it contains; 
air being a very poor conductor of heat. Since water has a conductivity 
about 25 times that of air, it is evident that when the air in the pores 
has been partially or fully displaced or if the pores are bridged by 
water which is a much better conductor of heat, the concrete will have 
greater conductivity 20• 
Jacob 4,34 (1949) studied the effect of moisture content on thermal 
conductivity and was the first to have proposed that a material's thermal 
conductivity is related to both its dry bulk density and its moisture 
content measured as a volume. These relationships are shown in Figure 
4.5. Jespersen' 6 (1953), Pratt et al. 	(1956), Prat t ° (1964), 
Loudon and Stacy 413  (1966), Ba11 17 (1968) and Arnold 4-21  (1969) have 
all investigated these relationships and their results have substantiated 
those of Jacob with very few exceptions. Ball states a relationship 
75 per cent of Jacob's as that which works for a foamed slag aggregate 
concrete and Arnold specifies up to a maximum 20 per cent moisture 
content as necessary for the relationship to hold. Jacob himself acknow- 
ledged a probable error of up to 15 per cent in his proposals for partic-
ular materials. Loudon et al. , however, concluded from comparison 
of results from a number of sources that Jacob's relationship adequately 
describes the variation of conductivity with moisture content for most 
building materials over the range of moisture contents that are commonly 
encountered in normal buildings. Jacob's curves are now fairly widely 
adopted and are very useful for estimating the thermal conductivity of 
masonry materials. Other notable research into the relationship between 
moisture content and varying thermal conductivity values which can be 
mentioned were undertaken by Cammerer" (1924, 1936, 1939), Krischer 
et al. 2 (1940), Griffiths 4* 4 3 (1942), Krischer' 62  (1949), Jespersen , .
16 
(1949, 1953), Cadiergues and Genevay 5 (1952) and Krischer and Esdorn 5 
(1956). These listed references can be consultedfor further information 
on the subject. 
It is necessary to assume standard moisture content in computing 
standard thermal transmittances. CIBS 	recommends Jacob's relation- 
ship - in its "Thermal and Other Properties of Building Structures 
Guide Book A 1977: Section A3" - for correcting moisture contents accord-
ing to whether walls are protected or exposed. The classifications adopted 
can be explained as follows: 
(1) protected from moisture: internal partitions, inner leaves 
separated from outer leaves by a continuous air space, etc; 
(ii) exposed to moisture: masonry directly exposed to rain, 
unrendered or rendered with untreated mortar. 
The standard thermal conductivity values as given in the IHVE 
Guide Book A' 2  are based on measurements reduced to the standard 
moisture content. They are also related to the bulk dry density, the 
principal factor affecting the thermal conductivity of masonry materials 
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at a given moisture content. For concrete work which is protected 
from rain, the standard moisture content by volume is 3% and for con-
crete work which is exposed to the rain, the standard moisture content 
is 5%2• 
Generally, the thermal conductivities of most porous building 
materials have been found in practice to largely follow a certain relation-
ship established by Jacob 4,34 , i.e. k-value increases with moisture 
content above 1% as per Figure 4. 5. The effect of moisture content 
on the thermal conductivity of concrete should not be ignored and care 
must be taken to account for it so as to obtain the most representative 
conductivity value s 63 . It is to be noted that if the moisture content 
is expressed in per cent by weight (see Appendix Al), its influence 
on the thermal conductivity remains the same irrespective of the dry 
density of the material. However, if it is expressed as a percentage 
by volume, then the moisture effect decreases rapidly with increasing 
density. 
The procedure for adjusting the k-value to allow for moisture 
contents varying between 1 and 25 per cent is described in Building 
Research Establishment Digest No. lO8 6  and IHVE Guide Book A 2 '. 
The method (see Appendix A2) is to multiply the measured k-value 
by a factor which is obtained from the ratio between the moisture factors 
appropriate to standard and measured moisture contents by volume. 
4. 3. 4. 6 The effect of cement paste 
Concrete can be considered to be an assemblage of inert particles 
of aggregate suspended in a continuous matrix of cement paste. The 
cement paste, after setting, contains numerous fine capillary passages. 
These passages occur because the water which is mixed into concrete 
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is greater than required for hydration of the cement. Some of the 
excess water may be due to air which is trapped within the plastic 
concrete during casting. Thus these capillary voids occurring in the 
cement paste may contain moisture or air. The conductivity of the 
cement paste may therefore be influenced by the presence of either 
air or moisture within the capillary passages. The k-value may increase 
if the moisture within the voids increases or decrease if the moisture 
decreases. 
Thermal conductivity of ordinary concrete depends upon its con-
stituents. Campbell-Allen et al.'s theoretical and experimental investiga-
tions 32 showed that thermal conductivity of concrete depends upon 
the thermal conductivity of its constituents. He further showed that 
the thermal conductivity of cement paste is influenced by water/cement 
ratio, types of cement, mix proportions and their moisture contents 
(Figure 4.6). Since the thermal conductivity of concrete is influenced 
by those of its constituents, it can be concluded that these foregoing 
factors which influence the thermal conductivity of cement paste (a 
constituent of concrete) also influence that of concrete. 
4.4 Methods for determining thermal conductivity 
/1.4. 1 Introduction 
The transmission or flow of heat by conduction in a homogenous 
material can be represented mathematically by a partial differential 
equation relating its thermal properties with the temperature distribution 
within the material, i.e. 
2T + 2T 
,x2 	2 	3Z 2 
= 
k at 
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(4.2) 
where k = thermal conductivity of material 
T = temperature 
P 	= density of material 
Cp = specific heat of material 
t 	= time 
x,y,z = coordinates along X,Y,Z axes. 
Equation (4. 2) is the general equation for conduction of heat in a homo-
genous isotropic material 4,2, 	The thermal conductivity is considered 
to be independent of the temperature. The rate of rise of temperature 
is a function of thermal diffusivity = klpcp. 
The thermal properties of a material can therefore be determined 
by finding solutions to the partial differential equation for a particular 
mode of heat conduction2' 4,4 7 The k-value for gases is found to 
be lowest because the molecules of gases are spaced widely apart whilst 
effective heat transfer by conduction occurs between closely packed 
molecules. For gases at extremely low pressure, the k-value is almost 
zero. 
There are two general methods for determining the thermal con-
ductivity of a material. Each of these methods represents a particular 
solution for the heat equation (4.2) with limiting boundary conditions. 
The first of these methods is the steady state method which is based 
on a steady state heat transfer or flow in a material. The second method 
is the unsteady state or transient state based upon unsteady or trans-
ient heat flow through a material. 
Either method has advantages and limitations and these will be 
discussed in the text. Of the two broad categories, it may generally 
be said that the steady state procedure may produce more consistent 
and accurate results. However, the unsteady or transient state methods 
are considered to be simpler and quicker to apply. 
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This section of the work is therefore devoted to examining the 
various methods of determining thermal conductivity. The different 
sets of apparatus that are used and their development are also examined. 
4. 4. 2 Steady state methods 
4. 4. 2. 1 General 
The heat flow in a conducting body is considered to be steady 
when the temperature distribution within the body becomes constant 
with time, while the heat transfer still continues. 
The principle upon which the steady state methods are based 
depends on a simple solution to the general heat conduction equation 
(Section 4.4. 1). By assuming a steady heat conduction in one direction 
or dimension, an equation is derived for determining the coefficient 
of thermal conductivity for a material given by: 
= kA (T1 - T2) 	 . . . (4.3) 
L 
where Q = rate of heat flow 
k = thermal conductivity of material 
A = area of material 
L = thickness of material 
T1 -T2= the temperature difference between the 
two faces of the material. 
There are two types of apparatus which have been developed and are 
now commonly used for the steady state method of determining the 
thermal conductivity of inorganic building materials. The guarded hot 
plate (GHP) apparatus is one type and it is used to determine the thermal 
conductivity from surface to surface of materials.  This apparatus is 
more specifically adapted to homogenous materials, the surfaces of which 
are smooth enough to give good contact between the test plates and 
the material. 
53 
The other such apparatus is the guarded hot box (GHB) which 
assists in determining the overall heat transmission coefficient (U) 
from air on one side of the material to air on the other. It is particularly 
adopted for testing built-up wall sections or structures whose surfaces 
are too rough for good contact with the plate as used with the guarded 
hot plate method of testing. 
Reviews of the development and use of these two types of apparatus 
are made in discussions in the following section. 
4. 4. 2. 2 Guarded hot plate method 
The first use of a guarded hot plate apparatus for the steady 
state method of measuring thermal conductivity on non-metallic substances 
was made in 1912 	and is credited to the researcher Poensgen 8 . 
The apparatus he designed for his experiments consisted of a twin-plate 
heating device with a thin electrical heating plate placed in between its 
plates and two equal plates of the test material placed on either side of 
the heating plates. Two cooling plates sandwiched the other plates 
mentioned above. By this arrangement, the heat flow to the specimens 
is divided into two equal parts. In 1920 Griffith and Kaye 9 are reported 
to have designed similar apparatus for the first time in Britain at the 
National Physical Laboratory (NPL). The apparatus designed by Griffith 
et al. for measurement of thermal conductivity of materials also consisted 
of two hot plates made of copper; a heating coil placed in between the 
hot plates, two sample test specimens placed on top and at the bottom 
of the hot plates, and two cold plates also made of copper sandwiching 
the hot plates and test specimens. 
There have been modifications to this apparatus by others and 
by about 1939 this apparatus had become widely accepted in Britain. 
The first British Standards Code of Practice BS.874 was published in 
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the same year (1939) to govern the determination of thermal conduc-
tivities. The American equivalent of this Standard "ASTM.C-177" was 
published by the American Society for Testing of Materials in 1945 1 . 
Both the British and American Standards recommend apparatus similar 
to that built by Griffith et al. (1942) for the guarded hot plate method 
of measuring thermal conductivities. 
The guarded hot plate apparatus as it is now used (BS.874.1973) 
can be described as essentially consisting of a single 300 mm square 
hot plate with a 50 mm wide co-planar guard ring, two test specimens 
placed on either side of the hot plate and two liquid-cooled cold plates 
enclosing the lot. The two specimens are sandwiched apiece between 
a cold plate and each side of the hot plate. The guard ring is maintained 
at the same temperature as the central hot plate to eliminate edge heat 
losses and ensure that the flow of heat from the central hot plate is 
everywhere normal to its surface. The cold plates are 300 x 300 mm and 
made of aluminium with spiral water channels through which the coolant 
is circulated. 
From measurements of heat input to the hot plate (Q) and 'from 
thickness (L), area (A) and temperature across a specimen (Ti - T2) the 
thermal conductivity k of a homogenous material is determined using 
equation (4.3) (Section 4.4.2.1). 
A twin-plate device for the hot plate as an alternative to the 
above appears to be no more in use (BS.874.1973). 
The guarded hot plate method was once used by Wimpey Labor-
atories Si to determine the k-value for no-fines concrete,. 
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4. 4. 2. 3 Guarded hot-box method 
The hot-box apparatus is adopted for testing built-up wall sections 
or structures whose surfaces are too rough for good contact with the 
heating plates. This means that the hot-box method is used for measur-
ing the thermal conductance and the overall thermal transmittance (U) 
from air on one side of the specimen to air on the other. 
The hot-box apparatus has been subjected to gradual development 
and many design variations exist. Descriptions of the early versions 
are given in the literature and/or reports on tests conducted with this 
type of apparatus 3 ' 50 . 
The basic components of a guarded hot-box apparatus consist 
of the following: 
(1) a heater to maintain a steady measured heat flux through 
the test specimens; 
a heat sink (or cold plates) to remove the heat after it 
has passed through the specimens; 
a system for measuring the temperature gradient through 
the test specimens. 
The thermal conductance is obtained from the hot-box method 
by attaching thermocouples onto the surfaces of the test specimens. 
For thermal transmittance tests, the temperatures of the air on 
both sides of the test panel are measured by means of thermocouples. 
The thermal transmittance can be calculated also from the results obtained 
for the conductance tests if the surface thermal coefficients are known. 
The hot-box apparatus was used by Petersen (1943) 421 , in 
Washington DC, to determine the thermal conductivity of no-fines concrete 
wall elements. The test was done on a wall 2540 mm (100 in.) high, 
152.4 mm (6 in.) thick and 1422.4 mm (56 in.) wide. The wall was rendered 
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on both faces. From the test results, the thermal conductance of the 
wall panel was derived. From the known value of the thickness of 
the wall, the thermal conductivity was calculated. 
There appear to be no other published results obtained for no-
fines concrete by this method besides the foregoing. 
4. 4. 2.4 Comparison of the GHP and GHB methods 
The fundamental difference between the GHP and the GHB methods 
is that in the GHP, the conductivity (conductance) is determined from 
surface to surface of the material under test. Hence the surface effects, 
i.e. resistances to heat flow due to ambient air, are avoided or eliminated. 
The overall heat transmission coefficient (U) may be calculated from the 
results obtained for the conductivity values if the surface thermal coef-
ficients for the internal and external air are known. The GHP is there-
fore generally adopted for measuring the coefficients of thermal conduc-
tivity of homogenous materials. 
In the GHB method, the conductance is determined from air to 
air which includes the surface resistance to heat flow. 
4.4.2.5 Advantages and limitations of the steady state method 
(a) Advantages: 
Steady state methods lead to greater accuracy and more precise 
results. It is also easier to direct and control boundary conditions 
assumed to be operative with steady state flow of heat in conduction. 
The accuracy of the conductivity (k-value) determined by this 
method, however, depends upon how well the assumed theoretical bound-
ary conditions such as unidirectional heat flow are managed during 




The steady-state method of measuring the thermal coefficients 
is a lengthy process because of the time required to attain the steady 
state of heat flow condition essential for the success of the test. 
To prevent lateral heat flow (loss) and ensure that heat flows 
in only one direction within the test specimens, measures are taken 
to control heat inputs by means of guard rings. For specimens of higher 
conductivity, guarding to prevent side loss becomes more critical. 
The steady-state methods are unsuitable for damp conditions 
owing to moisture migration under the hot plate/cold plate temperature 
gradient. This leads to a state of equilibrium in which moisture is 
distributed non-uniformly through the specimen. The British Standard 
BS.874 method stipulates low moisture contents and hence requires 
the test specimens to be conditioned to constant weight before testing. 
The American Standard, ASTM-C . 177, specifies zero moisture content, 
i.e. the specimens should be dried in a hot furnace before being tested. 
4.4.3 The unsteady (or transient) state methods 
4. 4. 3. 1 General 
The internal and external temperatures in a building are noted 
to be constantly varying. This means that the amount of heat trans-
ferred into and out of a building will also be varying. The flow of 
heat (i.e. gain or loss) in such a situation is termed unsteady or trans-
ient. The flow of heat in a medium is therefore said to be unsteady 
when the temperature at any point within it changes with time 52, 
The temperature change or distribution in the unsteady state of heat 
flow in a body is determined by the thermal diffusivity of the material. 
The transient state method s' 9 may involve application of theoretical 
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transient heat flow solutions to the heat conduction equation (4.2). 
Various experimental methods have been devised for the unsteady state 
methods based on solutions covering a variety of boundary conditions. 
For unidirectional flow of heat or the conduction of heat in one 
direction, the general heat conduction equation (4.2) reduces to: 
k.3 2 T = pcp/ 
3XI 	9t 
(4.4) 
The general principles governing the unsteady or transient state methods 
are therefore based upon solutions to equation (4.4) which represents 
the transient heat flow conditions and hence enable rapid measurement 
of conductivity. 	- 
The variations of the transient state methods in use for the deter-
mination of thermal conductivity can be classified under two broad 
categories, namely (a) the line heat source method; (b) the plane heat 
source method. Both methods involve supplying a constant heat flux 
to a test specimen which must be initially in thermal equilibrium so that 
the resultant rise in temperature within the specimen can be recorded. 
A modification of the heat equation governed by the particular boundary 
conditions assumed for the solution of equation (4.4) is then applied 
according to the nature of increase in temperature within the specimens. 
These methods will now be discussed successively. 
4. 4. 3. 2 The line heat source method 
The line heat source method was first developed by Staihane and 
Pyk 53  in Sweden during 1931. Their technique was not used again 
until it had been further developed in 1948 by Van der Held working 
with Van Drunnen 5 in Holland. The instrument they used was called 
a "Thermal Conductivity Probe". The source of heat of the method 
is either a wire or a thin cylindrical probe. 
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The principle and procedure of the method is to insert the probe 
or the wire into the test material. The temperature rise resulting from 
the heat input is measured by a thermocouple at a fixed distance from 
the source. After an initial period, the temperature rises linearly 
with the logarithm of time. The conductivity (k) is derived from the 
expression 	which equates to the slope of the temperature versus 
time relationship, where Q is the rate of heat now  55. 
The line source technique has been used by various researchers 
for the measurement of thermal conductivity 60 . A short bibliography 
is given by Ba1l 55  in his report. The method has been used for measure-
ment of conductivity for solids, liquids and gases. It is considered 
convenient for measuring thermal conductivity of granular or powdered 
materials especially. It is also found useful for measuring the conductivity 
of soils. 
The main advantages of the line source method can be listed 
as: (i) the simplicity and portability of the instrument; (ii) it is easy 
to operate and takes little time; (iii) a single specimen is required for 
the test - its shape and size are not critical. These advantages are 
additional to the advantages common to transient state methods. 
The disadvantages are considered to be (i) the probe is fragile; 
(ii) there is difficulty in ensuring that a low and uniform thermal contact 
resistance is made between the probe and the specimen. 
Generally the line heat source methods measure only one thermal 
property (e.g. k-value) at a time, unlike the plane heat source methods 
which combine three (i.e. k-value, diffusivity and specific heat) proper-
ties. 
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4. 4. 3. 3 The plane heat source methods 
The plane heat source method derives its name from the nature 
of the heating technique. The heating device can be on any given 
plane which can either be square, rectangular or circular. Several 
different arrangements for the set-up of the test apparatus have been 
considered over the years by many workers. Each arrangement was 
based on a variety of boundary conditions to satisfy the derived solution 
of the equation for transient flow of heat in the test medium and also 
on the general basic heat equation for the linear conduction of heat 
in homogenous isotropic materials. 
Some of the most widely used test arrangements for the plane 
heat source method which need be considered here are illustrated in 
Figure 4.8. These boundary conditions for the modes of heat transfer 
were first proposed by Vernotte 56 in 1937. These test methods can 
be divided into two groups of (a) those tests with known heat input, 
and (b) those with known temperatures. Tests with a known heat 
input (as one boundary condition) have the advantage that there is 
simultaneous determination of thermal conductivity, diffusivity and 
specific heat 
The choice of a particular method, however, depends upon how 
easily the theoretical conditions that are assumed can be simulated 
practically in setting up a test apparatus. For example, for an assumed 
boundary condition of a constant heat input on one face of a plane 
parallel slab with constant temperature on the other face (conditions 
necessary to create unidirectional flow of heat in the slab), an apparatus 
must be set up to produce a constant temperature on one face and a 
constant heat flux on the other face. 
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Vernotte suggested for the boundary condition of Figure 4.8a 
a test arrangement of 4 specimens, 2 heaters, and 2 ebonite slabs 
to simulate perfect insulation at the unheated faces of the slabs. The 
literature/ report indicated that Vernotte probably had not performed 
any practical experiment himself. Clarke and Kingston 4,57  are reported 
to have developed and improved upon the method proposed by Vernotte 
in 1950 and 1951L57.  For their tests Clarke et at. used a test arrange-
ment of 8 specimens, 4 heaters and 2 insulation slabs to provide 
perfect insulation. A similar arrangement as that described by Clarke 
and Kingston was used by Pratt and Bal1 19 in 1956 in their work at 
the Building Research Station, Watford. Pratt, in 1963, is reported 
to have developed an improved method for the set-up earlier developed 
by Pratt and Ball in 1956 at the Building Research Station, U.K. 
Another notable work in the development of the transient method 
which can be mentioned is that done by Hatton 4,58  in 1960. He is reported 
to have used the "finite slab method" which consisted of a single slab 
specimen 305 x 305 x 38 mm in size, one heating plate and single cooling 
plate. The Hatton test set-up was based on arrangements suggested 
by Jaegar t"58 in 1959. 
Other efforts in the development of the plane heat source methods 
were made by Krischer in 1954 and by Anquez in 1963 at the CST  
Laboratories in France, and by Shirtliffe and Stephenson in 1962 working 
in Canada. The literature on these can be found in work done by Ba11 55 . 
The obvious disadvantage of the test arrangement proposed by 
Vernotte and developed further by Clarke and others was the need 
for several identical test specimens and heating planes. The most recent 
development on the transient method was in work done by Ball 55 in 
1965 at the Building Research Station. The main advantage of this method 
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is that only two test specimens, one heating plate and two cooling plates 
are required in the test arrangement. This simple transient method 
contrivance was adopted for the present experimental investigation 
and is described below. 
4.4.3.4 The unguarded hot plate (or transient flow state) method 
The simple transient flow method developed by Ball 55 in 1965 
was based on the boundary conditions proposed by Vernotte 56 in 1937 
as shown in Figure 4.8b. The technique depends on the following 
requirements relating to transient flow of heat in a solid medium: 
Material is homogenous and isotropic. 
Heat flow is unidirectional. 
Thermal conductivity of the material is constant. (Strictly 
4-4 speaking, however, according to Carslaw and Jaeger 7 , 
the conductivity (k) is not constant for the same substance 
but depends upon the temperature. However, when the 
range of temperature is limited, this change in k-value may 
be neglected and assumed mathematically to be constant 
with temperature variation.) 
Rate of temperature change is uniform everywhere and 
equal to the thermal diffusivity ( 6 ) of the material where 
PCP 
The boundary conditions to satisfy the above requirements can 
be listed as; 	- 
material to be a plane or flat slab with parallel faces; 
initial temperature in material to be uniform throughout; 
one face of slab to be maintained at constant temperature; 
one other face of slab to receive constant heat flux input. 
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Any test apparatus arrangement built for this simple transient 
flow method must be designed to be able to reproduce all the boundary 
conditions and maintain them throughout an experiment. 
The simple transient flow technique developed by Ball 1,55  requires 
only two test specimen slabs and one heater plate. The single plane 
heater is sandwiched between the two identical slab specimens. The 
unheated faces of the specimen are in contact with either heat sinks 
or cold plates. The cold plates are intended to maintain the outer sur-
faces of the specimens at a constant temperature. The apparatus is 
fully described in BS.874.1973. The procedure for calculating the 
thermal properties are described in Section 5.1. 
4.4.3.5 Advantages and limitations: unsteady state methods 
The unsteady state methods provide the following advantages: 
An experiment can be completed in a much shorter time, i.e. 
within hours, compared with days for the steady state methods. 
The method permits possible simultaneous measurement of both 
thermal conductivity and diffusivity in one test. The specific 
heat can also be derived from the results for the same test. 
The method can be adopted to study thermal coefficients for 
moist materials since the test can be completed in a short time 
wherein internal moisture movement may not occur to any apprec-
iable extent. 
Limitations of the unsteady state methods can be listed as follows: 
The standard of accuracy is slightly lower compared with the 
steady state methods. 
The mathematical analysis of the heat equation for the unsteady 
heat flow condition is usually more complicated. 
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It is more difficult to simulate experimentally the ideally speci-
fied boundary conditions. This inevitably contributes to the 
lower accuracy. 
The computations of results take greater time than the steady 
state methods. 
4.4.4 Other methods 
4.4.4. 1 General 
Other methods available for determining the thermal conductivity 
of building materials like concrete may be discussed briefly under: 
the empirical approach, and 
the theoretical approach. 
The first operates on the proposition that the thermal conduc-
tivities of most inorganic building materials are primarily related to 
their dry bulk densities as well as moisture contents. The second 
is based on the postulation that the thermal conductivity of a material 
is some mathematical aggregation of those of its constituents. 
It must be pointed out, however, that these are now the estab-
lished non-experimentally applied methods. In other words, they are 
employed only to obtain approximate values of thermal conductivity 
without actually conducting any experiment. Thus their usefulness 
lies in giving quick estimates of k-values of materials when required 
in this form. 
There now follows brief discussions of these methods together 
with a review of the literature connected therewith. 
4.4.4.2 Jacob's method 
Jacob 3  (1949) proposed that at normal room temperature, the 
thermal conductivity of most inorganic building materials is primarily 
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dependent on the dry bulk density and moisture content (Figure 4.5). 
Table 4.2a relates the conductivity of completely dry material to its 
dry bulk density. Table 4.2b lists the multiplying factors by which 
the conductivity value for the dry material is multiplied to obtain the 
values at specified moisture contents. The multiplying factor 
accounts for the presence of moisture in the pores of the material. 
Jacob, however, stated that there may be an error for particular materials 
amounting to as much as ±15% and later work revealed that errors could 
be even greater ' 3 . Nevertheless, for rough estimates of thermal con-
ductivity of masonry materials, the proposals of Jacob are useful and 
fairly widely adopted. 
Loudon and Stacy 13 (1965) suggested that Jacob's proposal 
could be applied to a wide range of concretes and brickwork if an additional 
multiplying factor (em)  were introduced which referred to a particular 
material. The values of f1 as recommended by Loudon and Stacy are 
given in Table 4.2c. 
An approximate estimate of the thermal conductivity (k) for any 
material is therefore obtained by a combination of the factors proposed 
by Jacob and Loudon et al. from the relationship given by 
k = fw.fm .ko 	 . . . (4.5) 
where k = thermal conductivity of material required 
whose dry density is known 
fw = moisture factor 
material factor 
k0 = basic thermal conductivity of bone dry 
materials. 
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4. 4. 4. 3 Theoretical methods 
A mathematical estimate can be made for thermal conductivity 
of a material based upon a formula due to Maxwel1 9 (1873). This 
formula was primarily derived by Maxwell purposely for electrical con-
ductivity but Jacob found it to be applicable to heat conductivity 3 . 
The formula is stated as follows: 
ka = k5 
[1 - (1-aikplks)bi] 
[1 + (a1- 1)b1] 
(4.6) 
where a 1 	= 3k s/(2k5 +k) 
b 1 	= Vp / (VS  +Vp ) 
Vs = total volume of contingent substance 
V P  = total volume of distributed particles 
ka1 = apparent conductivity 
lj = 
ks 
conductivity of distributed particles 
bridüctivity 	 stance of contiñgenFib 
Pratt et al. in 1956 used this formula to estimate the k-value of their 
test materials. Comparison with their experimental values showed a 
difference of about 15% which was considered by them to be favourable. 
This indicated that the formula could be used to obtain a quick estimate 
of the conductivity of materials of this type. 
In 1963 Campbell-Allen et al. 32  also developed a simple mathem-
atical theory which related the thermal conductivity of concrete to the 
thermal conductivities of its constituents. The predictions of this theory 
were confirmed by their experiments. Therefore it can be said that 
the thermal conductivity of concrete depends upon those of its constituents. 
The following expression, which was formulated by Campbell, gives the 
thermal conductivity of concrete in terms of those of its constituents, 
viz: 
k 	k ( 	) 2 m • a 	M 'v . . . (4.7) 
kaMv + km (1 - MV) 
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where k = thermal conductivity of concrete 
km = thermal conductivity of mortar 
ka = thermal conductivity of aggregate 
MV = 1- 1Pv 
volume of mortar per unit volume of 
concrete. 
Hansen 59 in 1966 proposed that the general physical law governing 
the flow of electricity or heat in a material is identical with the law 
governing the flow of stress in an elastic solid. This meant that the 
principles on the basis of which the modulus of elasticity could be mathem-
atically calculated for two phase materials could also be used to calculate 
the electrical and thermal conductivity of such materials. The mathem-
atical equation derived for Young's modulus of any two phase composite 
materials can be modified to give an expression for calculating the thermal 
conductivity for any material for a condition where the Poisson's ratio 
values for the composite material (v ), the matrix phase (vm) and the 
particle phase (\p) are respectively equal to zero. The mathematical 
equation is expressed as: 
Q' 	= 2Qm + Qp - 2gi 	1 p) 	 . . . (4.8) 
Qm 2Qm + Q + gi (Qm - Qp) 
where Q III = conductivity of two phase composite material 
Qm = conductivity of matrix phase 
Q p = conductivity of particle phase 
g1 = fractional volume of particles. 
This expression is noted to be the same as that which was derived 
by Maxwell in 1873 in terms of specific electrical resistance of a two 
phase composite material. 
CHAPTER 5 
EXPERIMENTAL INVESTIGATION 2: DETERMINATION OF THE 
THERMAL INSULATING PROPERTIES OF NO-FINES CONCRETE 
5. 1 Introduction 
The object of the experimental investigation was to determine 
the inherent thermal insulating properties of no-fines concrete as a 
building material. 
The investigation essentially involved the testing of the rate of 
heat penetration (conduction) of specimens of no-fines concrete of various 
aggregates and/or mixes under different test conditions. Of the two 
methods available and already mentioned in Section 4.4, the transient 
state method of measurement of thermal conductivity was selected for 
the tests. This method was selected because of its simplicity and speed 
of application. It also has the advantage of enabling the investigator 
to determine thermal conductivity, thermal diffusivity and specific heat 
in one experiment. 
Other reasons, beside the above, for using transient state appar-
atus can be summarised as follows: 
The only reported thermal conductivity tests conducted with 
the transient state method on no-fines concrete, as reported 
by Brown and Javaid 5.1 (1970), employed damp or wet specimens. 
This suggests a lack of corresponding information about dry no-
fines concrete specimens. 
It was found attractive to compare the results to be given by 
this apparatus with those already obtained by steady state 
methods so as to decide whether this apparatus gives equally 
reliable results. 
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(iii) The results of the steady state approach might be questionable 
due to errors that might be introduced into the measurement of 
k-value by the porous surface conditions of no-fines concrete 
specimens and this required investigation. The unguarded hot 
plate apparatus was, therefore, purpose-built and was tested 
and calibrated by use of two standard specimens obtained from 
Salford University. These standard specimens were already 
tested at Salford using the standard procedure for guarded hot 
plate apparatus. 
The experimental approach adopted was to test the effect of certain 
variables or their combinations on the thermal insulating properties 
of no-fines concrete including a comparison with dense concrete. These 
variables were chosen as: 
the effect of mix proportions - i.e. no-fines concrete of mix 
proportions 1 : 8 and 1 : 10; 
the effect of aggregate type - i.e. use of crushed stones, 
e.g. basalt, black/pink granite., black/white granite; 
the effect of surface conditions - i.e. rendered and unren-
dered faces of specimens; 
the effect of type of concrete - i.e. a comparison of no-fines 
concrete with dense concrete. 
The extent or scope of the investigation is restricted to the measure-
ment of the following thermal properties: 
the thermal conductivity of the concrete, 
the thermal diffusivity of the concrete, 
the specific heat of the concrete. 
The theoretical basis for the deduction of these properties from 
temperature measurements is outlined in Appendix Bi. 
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5.2 Test specimens and their preparation 
5.2. 1 Test specimens 
The test specimens consisted of flat slabs of concrete of dimen-
sions 300 x 300 x 50 mm approximately (see Figure 5.1). Sixty speci-
mens made up of five sets of 12, Si to S5 (Table 5.1) were prepared for 
testing, in order that the influence of variables mentioned in Section 5.1 
could be examined. 
Three 150 mm control concrete cubes were prepared alongside 
each set of specimens. All the specimens were left to age in air at a 
relative humidity of approximately 60% for one year prior to testing in 
order to be representative of mature material. 
5.2. 2 Test materials and mix proportions 
The concretes for the no-fines concrete specimens were prepared 
from ordinary Portland cement conforming to BS .12.1978 and three dif-
ferent types of crushed rock of 20 mm single size coarse aggregate as 
set out in Table 5.1. The three different types of crushed rock aggreg-
ates were local whinstone (basalt), Correnie (black/pink) granite and 
Creetown (black/white) granite. 
The concrete for the dense concrete specimens was prepared from 
ordinary Portland cement, sand and natural gravels. The aggregate 
(gravels) conformed to the sieve analysis limits of BS.882.Part 3:19755.2, 
and the sand satisfied the grading standards of zone 3 of BS.882:i975. 
The gravel was a 20 mm natural aggregate from a local quarry. 
The mix proportions for the no-fines concrete and dense concrete 
together with the proportions of other materials required for each mix 
are shown in Table 5. 1. 
The physical properties of the aggregates used were described 
in Chapter 3. 
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All the aggregates used were washed and oven-dried and then 
stored in bins at room temperature until required for use. 
5. 2. 3 Moulds for casting specimens 
Initially timber formworks were made for use in manufacturing 
the specimens. They were of the same shape and dimensions as the 
latterly-used metal moulds shown in Figure 5.2. However, during prelim-
inary trials it was found that the surfaces of specimens cast with these 
timber moulds could not achieve the degree of flatness within 0. 2 mm 
required as specified in BS.874 3 . Initial inspection of the cast specimens 
(Figure 5.1) also revealed that their trowel-finished top was not truly 
flat 
Special steel moulds (see Figure 5.2) were therefore made to replace 
the timber moulds. 12 mm thick steel plates were used for the moulds 
and these were chosen to withstand any lateral movements generated by 
the fresh concrete. The steel plates were all machined to size and their 
internal surfaces were checked and prepared to enable specimens cast 
with them to achieve the required degree of surface flatness (BS.874.1973). 
The moulds were made to stand upright during the process of 
casting the concrete, as shown in Figure 5.2, to ensure that the two 
long faces of the slab produced became plane and paralleL 
5. 2. 4 Preparation, and curing of specimens 
The fresh concrete for each casting was mixed in an electrically 
operated tilting rotating drum mixer. The procedure adopted for the 
mixing was as described in Section 3.5.5. 
The moulds were filled in 3 layers using a trowel. The concrete 
was spread with the tip of the trowel to the sides of the moulds. Each 
layer of (no-fines) concrete was rodded sufficiently with a 12 mm diameter 
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rod in order to push the aggregate particles firmly together and into 
full contact with the moulds. To prevent/avoid creation of local areas 
of high density in the concrete, care was taken to avoid heavy rodding. 
The moulds for the dense concrete were also filled in 3 layers but the 
concrete was mechanically vibrated. 
The specimens were moist-cured in polythene bags for 6 days 
after demoulding. They were then stored in the laboratory at 20°C 
and about 50-60% relative humidity until they were required for testing. 
For the purpose of investigating the effects of surface condition on 
thermal conductivity measurement as well as conductivity values, the 
faces of half the specimens for each'set- were rendered in order to 
obtain truly level, flat and parallel surfaces (see Figure 5.1). The 
rendering was applied to mortar substrates cast to two opposite faces 
of each specimen through capping it on a glass plate, one face at a time. 
Forty-eight hours after capping one face, the specimens were turned 
over and the opposite faces were also capped with a similar procedure 
usingason's spirit level to ensure truly level surfaces. 
The flatness of the faces of all the specimens capped was checked 
by means of a feeler gauge of appropriate size and straight edge. Speci-
mens whose capped faces were not parallel and did not attain the degree 
of flatness within 0.2 mm were rejected. 
5.3 Test apparatus 
The apparatus used for the experiment was built according to 
the recommendations of the Building Research Station as described in 
tests done by Pratt's "'in 1956 and by Bal1 55 in 1967. The apparatus 
was modified to some extent and also built to comply with BS.874 53 . 
The construction of the apparatus was undertaken at the Civil Engineering 
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Department Workshop of the University of Edinburgh. The layout of 
the apparatus is shown in Figure 5.3. 
The component parts consist of: 
the heater plate which helps to maintain a steady measured heat 
flux in the specimens; 
the cold plates which remove the heat conducted through the 
specimens; 
a thermo-electric system for measuring the temperature gradient 
and power consumed. 
The whole set-up is housed in an environmental chamber built to enclose 
the main component parts of the apparatus (see Figure 5.4). 
5.3. 1 Heating system 
The heating system consisted of a plane heater as shown in Figure 
5.3. The heater plate consisted of a flexible electrical heating element 
tTFLEXEL 5 G in the form of a sheet. The element consisted of a glass 
cloth substrate coated with a uniform layer of a conducting polymer 
to which electrodes were attached. The heating element was enclosed 
by a transparent electrically insulating envelope which helped to protect 
and also improve the surface contact between the heater and the specimens. 
Copper electrodes were sewn onto the edges of the element sheet prior 
to its encapsulation. The heating plate was fed with mains AC voltage 
controlled and adjusted by a Variac Voltage Regulator. The power supply 
was DC stabilised and current was passed into the heating system through 
a pair of connecting strips clamped to two opposite edges of the heating 
plate. The power dissipated and hence the heat produced in the hot 
plate was measured by an ammeter and a voltmeter employed to measure 
the current and voltage of the power supply to the system respectively 
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(Figure 5.5). The electrical resistance of the heating plate was 1400 ohms 
and the thickness of the plate element was 375 x 10_6  mm. The overall 
dimensions of the heating plate was 300 mm x 300 mm. 
5.3.2 Cooling system 
The cooling system consisted of two hollow aluminium plates built 
to a specification similar to that described by Pratt and Ball 5 and used 
at the BRE. Each plate was built with labyrinthine spiral water channels. 
The spiral channels helped to limit the variation that might occur in 
the lateral temperature gradient of the circulating water so that a uniform 
temperature distribution across the surfaces of the cold plates could be 
obtained. The flatness of the plate surfaces were made to be within the 
limit of 0.2 mm. Each plate was 300 mm square and of 50 mm thickness. 
Details of the cold plates are shown in Figure 5.6. 
The cooling water was supplied to the cold plates from constant 
temperature water stored in a 50 gallon overhead tank (Figure 5.7). 
The water flowed through 12 mm plastic circulating pipes. The water 
flowing out of the cold plates was cycled through another 50 gallon water 
tank kept below the level of the testing apparatus. The water was re-
cycled by means of a water pump through a refrigeration system back 
into the overhead water tank. The rate of water flow from the overhead 
water tank was controlled by means of control valves fixed to the inlet 
and outlet circulating pipes connected to the water tanks. The valves 
were provided with orifices designed to help control the rate of flow 
of the water kept at constant temperature and circulating from the top 
tank into the cold plates. 
The height of the overhead water tank was set to provide enough 
pressure so that with the control of the valves, the coolant water from 
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the top tank with controlled temperature could run for the duration 
of a test. The tests were conducted during the period June-September 
and the temperature of the cold plates was controlled to maintain a con-
stant temperature difference not greater than about ±0. 2°C. 
5. 3. 3 Temperature recording system 
- 	The temperature difference across the specimens and also the 
temperature at locations within and outside the environmental chamber 
were measured by means of a thermo-electric thermometer circuit (Figure 
5.8). Copper constantan (40 jiV/°C) was used for the thqrmocouples 
with their joints soldered together. The thermocouples were made from 
wires of 0.20 mm diameter and were protected by a rubber sheathing 
insulation. Five thermocouples were fixed to each face of a specimen 
to give the arrangement recommended in BS .874. The positioning of 
the junctions of the thermocouples on each face of a specimen were in 
accordance with the recommendations of BS.874. Thermocouples were 
fixed also between each heater plate and the thermal contact rubber sheet 
as well as between the cold plates and thermal contact rubber sheet. 
The temperatures of each hot and cold face of the specimens and 
also the internal and external environment chamber heat levels were 
recorded by means of an automatic temperature recording data logger 
and an electronic thermometer. The data logger was a Solartron Schium-
berger type 3430 compact logger. It has 30 channels and could measure 
to an accuracy of 0.3°C. The electronic thermometer was a Comark type 
1625 with a selector unit of type 1694F containing 20 channels. The 
resolution was 0.01°C. 
The thermocouples were calibrated before the tests were conducted, 
using melting ice and boiling water. 
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The procedure adopted for obtaining readings of temperature 
rise with the electronic thermometer which had no automatic reading 
facility was by a manual operation in conjunction with the automatic 
timing device of the data logger 57 . 
5. 3.4 Environmental chamber 
The test assembly of specimens was contained within an environ-
mental wooden cabinet 58  specially built for the purpose (Figures 5.4 
and 5.9). The cabinet was made with plywood boards of 20 mm thickness. 
The inside of the cabinet was insulated completely with 100 mm thick 
polystyrene sheets. The cabinet was provided with a door at its front 
which could be closed during the period of a test. The purpose of the 
insulation was to minimise the effects of variations in the ambient tem-
perature around the specimens under test, and hence provide thermal 
equilibrium between the test specimens and their surroundings during 
the period of a test. 
The overall dimensions of the cabinet were 1000 x 1000 x 1000 mm 
(see Figure 5.4). 
The cabinet containing the test assembly of specimens (Figure 5.3) 
was kept in a laboratory under a controlled temperature of 20°C and 
60% relative humidity. 
5. 3. 5 Thermal contact sheet 
In order to improve the thermal contact of the specimens, four 
rubber sheets were interposed between the hot and cold plates and the 
specimens. The type of rubber sheet used was a silicone sponge sheet 
of Grade 524. These rubber sheets were cut to dimensions of 300 x 
300 x 3 mm each (see Figure 5.3) 
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The thickness of each rubber sheet was determined whilst it was 
subjected to a pressure load equivalent to the same degree of compres-
sion that would be applied to the sheet during an actual thermal con-
ductivity test. This approach was in line with the recommendations 
of the National Physical Laboratory (NPL) . 
The thermal conductivity of the foam rubber sheet was deduced, 
according to its density, from a graph of the variation of k-value for 
rubber with bulk density (see Figure 5.10). The k-values for the rubber 
sheets used in the tests are shown in Table 5.2. 
5.4 Experimental procedure 
The test specimens were first conditioned to constant weight by 
being exposed to air in the laboratory for about a week. The laboratory 
temperature and relative humidity during the period of tests were respec-
tively 20 ±2°C and 65 ±5%. The thermocouples prepared for the tests 
were fixed to the surfaces of the specimens and also between the hot 
and cold plates and the rubber sheets. The weight of the conditioned 
specimens were taken before the start of a test. Two specimens were 
sandwiched between the heater plate and cold plates. The silicon rubber 
contact sheets were interposed between the specimens and the hot and 
cold plates as illustrated in Figure 5.3. The assembly of apparatus 
and specimens was arranged in the chamber as shown in Figure 5.4. 
Thermocouples were also fixed at positions inside and outside the environ-
mental chamber for recording the internal and external ambient chamber 
temperatures respectively. 
A total mass of 30 kg was spread on top of the upper cold plate 
(on which was laid already 300 x 300 x 100 mm insulation) to improve 
the thermal contacts. The door of the environmental chamber was closed 
finally for the tests to begin. 
The heat flux was applied at the instant when a uniform steady 
temperature was attained throughout the specimens. The electrical 
power supply to the heating plate was kept constant by adjusting the 
Variac voltage regulator. Sufficient power was supplied so that a tem- 
perature rise of 1°C at the heated faces of the specimens could be achieved 
within about 10 minutes from the start of a test. Readings of the hot 
plate power consumption and the thermocouple outputs were taken and 
the readings were repeated every 2 minutes over a test period of about 
70 minutes. After completion of the test, the positions of the specimens 
were interchanged and the tests repeated so that the heat flow direction 
through each specimen could be reversed. The temperature of the cold 
plates was maintained constant and kept within a range of ±0. 2°C through-
out the test by operation of the control valves for the circulation system. 
After completion of the tests, the specimens were removed from 
the apparatus and immediately weighed. The specimens were then dried 
in a ventilated oven for 24 hours at 110°C. The specimens were allowed 
to cool in a dessicator and were weighed again after the cooling period. 
The heating and cooling cycle was repeated until a constant mass was 
attained. 
5.5 Results 
The recorded results for the surface temperature rise against 
time for the series of tests are shown graphically in Figures 5. 11 (a-e) 
and in Tables 5.3 (a & b).. 
Each curve plotted represents a relationship between the hot sur-
face temperature rise against time for a particular test condition. A 
computer program produced a curve fit for the graphs. 
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From each graph drawn for each pair of test specimens, five suit-
able pairs of values of time (t) and double time (2t) were determined. 
For each pair of time "t" and "2t" the thermal conductivity was calcul-
ated using the procedure in Appendix Bl. The values of the thermal 
conductivity determined from one set of observations were not to differ 
fr'om each other by more than 5%. The mean of the thermal conductivity 
values was taken to be the thermal conductivity of the particular material 
tested. 
The moisture content, the oven dry bulk density and the air dry 
bulk density were calculated for each pair of specimens tested and the 
results are as listed in Table 5.4. The calculations of the moisture content 
by weight and by volume are shown in Appendix Al. 
The measured, calculated and derived values for the thermal 
properties are shown in Tables 5.4, 5.5 and 5.6 respectively. The 
corresponding results for the standard specimens for checking the accur-
acy of the apparatus are as shown in Figure 5.12 and Tables 5. 3b and 
5.7. 
For each measured value of thermal conductivity, corrections 
were applid for various losses. These corrections are listed in Appendix 
B2 together with the procedure for determining their values. 
The measured thermal conductivity for each material was also 
corrected to the appropriate standard moisture content as given in Table 
A. 3. 1 of IHVE Guide Book A (197 0) 5.10 The method of calculating the 
moisture content correction is shown in Appendix A2. 
5.6 Summary 
The report covers an account of the measurement of the important 
thermal insulation properties or heat transmission coefficients (i.e. thermal 
conductivity, thermal diffusivity and specific heat) of no-fines concrete. 
The method adopted for the investigation was the hot plate method. 
The test variables included the following: 
type of aggregate; 
mix proportion; 
surface condition of specimens; and, 
type of concrete. 
Besides the experimental investigation, a review of the work done 
up to date into the measurement of the thermal properties of concrete 
was carried out in Chapter 4. The various methods of determining thermal 
conductivity together with the development of appropriate test equipment 
were also discussed in Chapter 4. 
The results of the tests show that: 
The type of concrete influences the magnitude of the thermal 
properties; 9 dense concrete exhibits higher thermal values 
than 	lightweight no-fines concrete. 
The type of aggregate affects the magnitude of the heat trans-
mission coefficients; aggregates of higher silica content 
(granites) show higher values than those of lower silica con-
tent (basalts). 
The surface condition of a test specimen influences the magnitude 
of the thermal properties; the rendered surfaces produced 
higher thermal values, compared with the unrendered ones. 
Among the aggregates used, the basalt type of no-fines con-
crete had the best thermal insulation characteristics and the 
black/white granite had the poorest. 
A detailed discussion of these results is given inSection 13.3. 
N. " 
CHAPTER 6 
FIRE AND ITS EFFECT ON BUILDING (CONCRETE) STRUCTURES 
6. 1 Introduction 
The menace of fire is a major hazard in most countries especially 
in industrialised countries. In Great Britain alone, material damage 
due to fire is said to be greater than £566 million each year and is on 
the increase 61 . Where concrete buildings are concerned a high propor-
tion of this cost goes into making good, damage due to the effect the 
fire has on the concrete, i.e. its constituent materials. Such a building 
(concrete) structure must therefore have some degree of fire resistance 
so that, in the event of a fire, it can resist collapse long enough to 
enable the human occupants and valuable property to be evacuated. 
Other design considerations, beside compartmentalisation and escape 
routes, include provision of early warning systems and in case the 
fire gets out of hand aids for fire fighters. The spatial temperatures 
in a building fire may reach levels as high as 12000062' 6.3 At such 
high temperatures most incombustible building materials lose much, 
if not all, of their strength. 
The behaviour of a concrete building structure, when subjected 
to elevated temperatures, is of great importance in respect of its strength 
and stability in a fire. Such information is relevant to and assists 
the reinstatement of buildings which have been subjected to fire. Con-
crete which is a non-combustible material has inherent properties which 
make it fire resistant 6 . Hence when concrete structures are exposed 
to the severest of fires, they still stand and seldom collapse. Thus 
one could be faced with a question of their reinstatement. From the 
financial point of view, it is often more economical to reinstate a damaged 
concrete building than to demolish and reconstruct it. 
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Fire endurance of a concrete building structure is influenced 
by the thermal, physical, elastic and inelastic, and mechanical properties 
of the structural elements 6' 66 A temperature change caused by a 
fire results in a change of these properties. It therefore follows that 
an assessment of a fire-damaged concrete structure for its possible 
reinstatement would require a study of the behaviour of the properties 
of the materials during and after a fire. 
Much information is available from work done by a number of 
investigators 6+639 on the variations in the properties of normal con-
crete when subjected to elevated temperatures. For no-fines concrete, 
however, there is only limited published information available concerning. 
its behaviour when subjected to high temperature. Therefore experi-
mental investigations (Chapter 8) have been undertaken to determine 
the effect of the high temperatures experienced normally in most fires 
on some of the material properties of no-fines concrete. 
Thus the objective of the exercise in this chapter is to carry 
out, as a prelude, a literature review of the work done up to date by 
other investigators into the effect of heat on concrete and its constit-
uents. Further details on the effect of elevated temperature on the 
properties of concrete is provided in Chapter 7. 
6.2 Fire condition and temperature development 
6. 2. 1 Fire condition 
Fire is a process of combustion usually including consumption by 
oxidation characterised by heat or smoke or flame or any combination 
of these 65 . For a fire to start certain constituents must be present. 
These are heat, fuel and air. 
The common cause of fire in buildings, is the small heat source 
provided by a discarded match, a smouldering cigarette, spark from 
a coal fire, or an electrical short circuit, all of which could ignite readily 
and inflame building materials. It is from these readily inflammable 
materials that fuel originates to be fanned by air which is free-flowing. 
The condition in which one may find a fire 62 	varies. The 
initial stage is ignition by interaction of the fore-mentioned constituents. 
There is then a development stage wherein the ignited source pre- 
heats its surroundings before lighting it up and which usually results 
in the production of flames and smoke. Normally the fire assumes a 
definite size after which it burns over a period of time. The final stage 
is the decay or extinction which may be spontaneous or forced. A 
fire can be stopped at any time during its progress and for this reason 
decay can be said to be normally a terminated action usually taken by 
the fire service. 	 - 
6. 2. 2 Temperature development 
Temperature development in a fire outbreak is influenced by 
factors such as the variations in air supply and amount of fuel or com-
bustible material as well as their flammability. 
The temperature development occurs over the phase when the 
fire matures and completes its burning cycle. Maximum temperatures 
that can be attained in building fires are in the range 900-1200°C 6.2, 6.8 
(see Figure 6.1). 
By the end of the critical period over which the fire becomes 
fully developed and attains high temperatures most concrete building 
structures would have suffered their worst damage. 
M. 
The duration of a fire is determined by the amount of air supply 
to it and the total quantity of combustible material available. The severity 
of a fire can be related to its rate of burning and the flammability, 
surface area and distribution of combustible materials 62 
6.3 The effect of fire on concrete building structures 
6. 3. 1 General 
The behaviour of structural members in a building subjected 
to fire depends upon the severity of the fire, i.e. the time-temperature 
relationship during the fire developmen t 6 *6 (Figure 6. 1). Changes 
in the composition and structure of some building materials do affect 
the behaviour of the whole structure in a fire 67 . An example of this 
is a rock which crumbles on exposure to extreme heat 68 . The perform-
ance of a concrete structure under fire is governed by the effect the 
heat has on the constituent material s 66 , the constituent materials in 
reinforced concrete being concrete and steel. 
6. 3. 2 Effect of heat on concrete 
Concrete materials are unstable at any temperature higher than 
100oC 6,11 . The strength of concrete is the most vulnerable property 
affected by a temperature change. The effect a temperature change 
has on concrete depends on the material's composition. To consider 
the effect of a fire on concrete, it is important to examine the effect 
the heat of the fire has on its constituent materials. Concrete is normally - 
composed of cement, aggregates and water. The effect of heat on these 
constituents are discussed in the following sections. 
Concrete by itself when heated expands although the expansion 
is not so marked as with aggregates (Figure 6.2)69.  The volume change 
in concrete due to heat is restricted by the contraction that occurs 
in the cement paste after temperatures greater than 100°C. Grin and 
Beckman 6* 10 showed in their studies that concrete made from cement 
with pozzolana performed better than ordinary Portland cement concrete 
in a fire exposure. 
Generally when concrete is subjected to high or elevated tem-
perature, the volume change that occurs in the concrete is the result 
of complex processes that can either be an expansion or a contraction 
depending on its moisture content at the time 611 . The complex processes 
that are involved in the volume change consist of thermal expansion 
that occurs in the aggregates and hygrothermal volume variation of 
the cement paste 6 ' 2 . Factors influencing the complex processes that 
are involved in the volume change can be listed as the type and duration 
of heat exposure, the thermal gradient, the type of aggregate, the 
type of cement and the moisture content of the concrete. As will be 
shown later on, after initial expansion of cement paste its volume change 
is reversed to contraction or shrinkage, the rate of which depends 
upon the rate and duration of heating. However, the extent of shrinkage 
of cement paste in concrete depends upon the expansion that occurs 
in the aggregate. The resultant curve for a volume change in concrete 
is a sum total of the incompatible thermal movements of cement paste 
and aggregate at the temperature of exposure. 
Harada 69  in 1953 performed tests on the thermal expansion of 
concretes and mortars made with different aggregates. His results 
are shown in Figure 6.2. He found the thermal expansion of the con- 
crete not to be much different from that of the aggregate itself. However, 
for concrete with smaller proportions of aggregate the effect of shrinkage 
of the cement paste becomes more significant. Hence the strains observed 
for the 1 1 concrete are small for the complete temperature range 
(Figure 6.2). Haradas results confirmed the fact that the thermal 
movement in the concrete depends upon the relative proportions of 
its two principal constituents - aggregates and cement paste. 
Dougill 6 ' 3  interpreted this to mean that concrete, when heated 
and then cooled to its initial temperature, would develop a residual 
contraction due to the shrinkage that occurs in the cement paste. This 
phenomenon occurs only in concretes heated to moderate temperatures 
(i.e. less than 400 0C). Cooling from higher temperatures leads to 
a ,residual expansion (Figure 6.3b). This is considered to be due to 
cracking which occurs at the aggregate /cement paste interface or within 
the cement paste itself. This finding was corroborated by work by 
Mar6chal 6,14  in 1970. The effect of this cracking in the paste is that 
there is a change to some degree in subsequent stiffness, strength 
and thermal expansion of concrete, which has been heated to high tem-
peratures. 
6. 3. 3 Effect of heat on cement paste 
When concrete is heated changes take place in the volume of 
its cement paste. A cement paste has cement and water as constituents. 
The water added to a concrete mix is usually more than is required 
for the hydration process so as to obtain suitable workability. A hard-
ened cement paste has water existing in three states 15'16: 
Free water - which starts to evaporate at about 100°C. 
Gel water - whose dehydration begins at around 100°C, reaches 
its peak at 200°C and then declines. This is followed by an 
increase in dehydration at 700°C. 
Combined water - between 400 to 600°C, rapid dehydration 
of calcium hydrate (CaO .H 2 0) of the cement compound takes 
place leading to loss of the combined water. 
M. 
The end effect of loss of water in the cement paste is that shrinkage 
occurs in the paste leading to a change in the strength of the concrete. 
Figure 6.3a shows the change of volume that occurs in a Portland cement 
paste when it is heated '* '. Studies made into the thermal movement of 
ordinary Portland cement in 1966 by Harada 69 showed that the cement 
paste initially expands when heated. Around 100°C the thermal move-
ment in the paste changes from expansion to contraction as shown in 
Figures 6.2 and 6.3a. Other notable works on the thermal movement of 
cement pastes were done by Lea and Strad1ing 6 ' 7 in 1922 and Philleo 618 
in 1958. 
Dou gill 6 ' 3 in 1965 and Maréchal 6.14  in 1970, studied the behaviour 
of cement paste when subjected to heat and noted that there are two 
main effects which contribute to the thermal movement of the paste. 
The first of these effects is the thermal expansion of the solid phase of 
the cement paste structure. The second effect is the shrinkage of the 
paste that follows the initial expansion after a certain temperature is 
attained due to the desorption of moisture or loss of water during the 
course of heating the paste. For a moderate rise in temperature, the 
shrinkage of the paste is noted to be small and the net effect is an expan-
sion of the paste. At higher temperatures, the effect of shrinkage pre-
dominates. After about 100°C, shrinkage of the paste continues with 
increasing temperature until all available water has been removed. The 
paste then begins to expand once more between 700 - 800°C. 
Crowley 69 in 1956 studied the thermal movements of a number 
of different cement pastes during heating. Among the factors examined 
were the effects of different rates of heating on these thermal movements. 
The results suggested that a greater increase in expansion occurred 
in the cement paste with a faster rate of heating (Figure 6.3c). Crowley 
attributed this to less shrinkage occurring in the paste at every other 
temperature level after the initial heating stages. 
6. 3. 4 Effect of heat on aggregates 
Aggregates expand when they are heated (Figure 6.4). The man-f 
ner - in which expansionj occurs in a heated aggregate depends upon 
its thermal properties, especially its coefficient of thermal expansion 610• 
En dell 62°  investigated the mode of expansion of granite, diabase, basalt, 
sandstone and blast-furnace slag on their own before use under restrain-
ing conditions in concrete. 
His results indicated that blast-furnace slag and sandstone have 
very little expansion. Basalt aggregate has low thermal expansion 
which is similar to that of blast-furnace slag at temperatures up to 
about 500°C. Above 900°C, basalt, diabase and granite show thermal 
expansion of about four times as high as that of blast-furnace slag. 
Concrete made with finely-grained basalt 6 ' ° aggregate has very low 
thermal expansion similar to that of blast-furnace slag concrete over 
temperatures up to 1000°C. Above 1000°C, the thermal expansion of 
basalt aggregate concrete increases rapidly reaching about five times 
that of blast-furnace slag concrete at 1200°C 6.10 Thus different degrees 
of heat have different effects on different aggregates as depicted by 
their various coefficients of thermal expansion. The main factor 6 ' 2 
influencing the thermal expansion of rock and therefore that of concrete 
is the proportion of quartz present (Table 6.1). Rocks with high quartz 
content, such as sandstone and quartzite, have the highest thermal 
expansion whilst rocks with little or no quartz, such as limestone, 
have the lowest value. Igneous rocks, such as basalt, granite, rhyolite, 
etc, have medium quartz content, hence they have intermediate values 
of thermal expansion. 
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Harada 69 in 1966 performed tests on a number of naturally occur-
ring Japanese aggregates. His results are shown in Figure 6.4b. The 
sandstones which are highly siliceous aggregates show the expected 
rise in their thermal expansion between 500 to 600°C 	According 
to Hárada this was due to the quartz transformation point which lies 
within this range. The thermal expansion of pumice aggregate is extremely 
small whilst those of andesite aggregates are smaller than that of siliceous 
aggregate. Aggregates with low thermal expansion behave better in 
a fire 6.8 
The effect of heat on aggregates as outlined above has an important 
influence on the behaviour of concrete structures. The thermal expansion 
of the hardened cement paste component of concrete is considered to 
be generally higher than that of the aggregate. But, since the aggregate 
occupies about 70-80 per cent of the total volume of hardened concrete, 
the thermal expansion of concrete is largely directly proportional to 
that of its aggregate 69 (Figure 6.2). Credibility was provided in support 
of this explanation by the work of Zoldners 6 ' 2 in 1971. He showed 
in his report that the mineral composition and structure of aggregates 
are the major factors determining the coefficients of thermal expansion 
of concrete. 
A great deal of investigation has been carried out on the effect 
of heat on aggregates - in particular on the effect of high temperature 
on their thermal coefficient of expansion 68' 69' 621 • At moderate tem- 
peratures the effect tends to be largely expansion which the aggregates 
withstand. However, at elevated temperatures other factors set in. 
Work by Straddling and Brady 67  in 1927 showed that an aggregate 
made fromcrystalline rocks is liable to undergo progressive disintegration 
when subjected to high temperature because of thermal incompatibility 
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which occurs within the aggregate itself. This is so because a crystalline 
type of rock is composed of a variety of closely packed minerals whose 
differences in thermal expansion can cause inter-crystalline stresses 
and progressive failure. Grimn and Beckmann 6 ' ° in 1930 in their studies 
on the behaviour of cement, aggregates and concrete at high temperature 
noted that the damage to buildings of concrete exposed to fire was 
caused mainly by insufficient resistance of the aggregate rather than 
by that of the cement. This conclusion was drawn from experiments 
they carried out on houses whose walls were constructed with different 
aggregates using the same cement throughout. Houses with walls built 
with gravel, basalt, sandstone and blast-furnace slag aggregates stood 
up very well to the heat. Walls of the house built up with granite showed 
signs of expansion and cracks of an explosive character. 
In Britain, many of the aggregates used in concrete construction 
are of a siliceous nature and hence contain substantial proportions 
of quartz in their mineral composition 621 . The thermal expansion of 
quartz at high temperature is influenced by a number of physical changes 
that take place and affect its volume change. Fenner 6,22  in 1913 studied 
the changes that occur in the stability of the silica mineral in his work. 
Silica, by itself, can exist as a quartz, a tridymite or a cristobalite 
in the temperature range from 0 to 1000°C. Each of these three forms 
of silica has two allotropes with the a form occurring in. nature. Accord-
ing to Fenner, the following transformations could occur during heating 
to high temperatures: 
a Tridymite Tridymite at 163°C 
a Cristobalite Cristobalite at 220 -275°C 
a Quartz - Quartz at 575°C 
Quartz Tridymite at 870°C 
Tridymite Cristobalite at 1470°C 
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The most important change is considered to be the a- a Quartz 
transformation. This occurs at a temperature easily achieved in a fire, 
and is accompanied by considerable increase in volume. Siliceous 
aggregates are considered therefore to be unsatisfactory for use in 
concrete being employed at high temperatures. 
It may be noted that finely-grained crystalline rocks 6.12  are gener-
ally more durable from the thermal standpoint than the coarse ones 
(Figure 6.4a). Thermal expansions and deformations of coarsely-grained 
crystalline rocks are mostly irreversible after cooling according to 
work undertaken by Endell 621 in 1927. 
6. 3. 5 Effect of heat on steel reinforcement 
Even though stel is a non-combustible material, it becomes struc-
turally weak when it is subjected to high temperature 6.23 This is due 
to variations in its properties, e.g. tensile strength, rate of expansion 
or elastic properties. Mild steel structures tend to collapse in the 
temperature range of 500-550°C. The critical temperature at which 
collapse may be expected is lower for high yield steel reinforcement, 
espeáially where the yield point has been raised by cold working 62 . 
The change in the mechanical properties of steel on exposure to high 
temperature depends on the kind of steel and the extent of its carbon 
content. 
Experiments conducted by Harada 69 on the relationship between 
thermal expansion and temperature (for different types) of aggregates, 
cement paste, reinforcing steel and concrete showed that the effect 
of heat on thermal expansion of reinforcing steel increases with tem-
perature. The thermal expansion of steel was closest to that of limestone 
aggregate for temperatures not greater than 600°C (Figure 6.4b). 
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The effect of temperature on the strength of steel has been exam-
ined by many workers 6.25 and a typical strength versus temperature 
relationship for three different types of reinforcing steel is shown 
in Figure 6.5 6 . 
For further information, see Section 7. 5. 3. 2. 
6.4 Fire resistance 
6. 4. 1 General 
Fire resistance is a relative term applied to an element of structure 
to designate a measure, in hours, of the estimated length of time during 
which the structural element would be able to bear a specified load 
whilst it was subjected to a specified intensity of heat. 
Concrete, by itself, does not burn but the heat of the fire can 
affect its properties considerably. Thus a knowledge of the behaviour 
of concrete in heat (obtainable from heat tests) could assist the prediction 
of how a concrete structure might perform in a fire. In this context, 
the effects of the rate of heating as well as the variation of the rate 
of heating on the structure - which reacts due to its loading, restraint 
and moisture content - are relevant and important. 
There are standard fire resistance tests which may be performed 
under specified conditions in furnaces according to BS 4766.27.  However 
it is always prudent to compare the state of the test specimen to that 
of its counterpart in use in a concrete building. 
Design considerations do not only aim at preventing a building 
(concrete) structure from collapsing, attempts are also made at arrange-
ment of units so as to prevent the spread of fire within the building 
itself as well as to adjacent neighbours 65 . Early warning systems and 
aids which help combat developed fires may also be incorporated into 
the design. 
93 
When confronted with a fire-damaged building (concrete) structure, 
the question is usually reinstatement rather than demolition and recon-
struction. The extent to which a fire-damaged building (concrete) 
structure may be reinstated depends upon available knowledge of the 
behaviour of its components in a fire at all times as well as information 
on the size, intensity and duration of the fire. 
6. 4. 2 Standard furnace test 
The concept of a standard fire exposure condition was introduced 
in order that the relative performance of different forms of building 
construction exposed to fire damage might be compared. A standard 
fire condition is depicted in the form of a specified time versus ambient 
temperature relationship (Figure 6. ib) 6.28 Most countries adopt very 
similar exposure conditions in their standards (Figure 6. ib). An inter-
national standard (ISO 834) 6.6 is now available (Figure 6. ib). 
The standard furnace test is used to compare the behaviour of 
different structural elements which are tested in accordance with standard 
procedures. A prototype of the individual element which is subjected 
to an appropriate design load is heated at a rate of heating severe 
enough to simulate fire conditions similar to a real fire situation. The 
fire resistance of the element is expressed as the time that the structural 
element could endure without failure. 
It should be noted, however, that the performance of a structural 
element in a standard furnace test could be different from that in an 
actual fire for certain reasons 629 Some of these reasons can be listed 
as follows: 
(1) the dissimilarity between the moisture content in the structural 
element under actual service conditions and that of the conditioned 
element tested; 
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different loading conditions of the structural element under 
actual service condition compared with those adopted in the test; 
variation in the rate of heating as used in the standard furnace 
tests and as obtains in an actual fire (Figure 6.1c). 
Some of these factors are discussed further below. 
6. 4. 3 Effect of moisture on fire resistance 
The effect of moisture on the fire resistance of concrete has 
been noted by a number of researchers. The extent of the effect depends 
upon the amount of moisture contained in the concrete structural element 
and also upon the rate of heating employed 6.29  . The effect of the presence 
of moisture in a concrete structure exposed to a fire can either be 
detrimental orbeneficial. The extent of the effect depends also upon 
the geometry and various other properties of the material. 
When concrete is heated in a standard furnace test, the moisture 
within it turns into steam during the heating process. Additional stresses, 
therefore, develop within the concrete structure. According to Dougill 6.21, 
this is primarily due to the resistance offered by the pore structure 
of the concrete to the steam trying to move away from the hot face. 
Spalling which occurs in concrete elements exposed to fire is attributable 
to the build-up of stresses within the concrete to critical limit  s621. 
The presence of moisture, on the other hand, in a concrete building 
material may increase the fire endurance of the structural concrete 
element and this is considered a beneficial effect. This occurs because 
part of the heat is required for latent heat of vaporisation. The evapora-
tion of the moisture slows down the rise of temperature in the concrete 
structural element during a standard furnace test. Harmathy 63° showed 
in his study that for a given material and geometry of construction, the 
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gain in fire endurance under oven dry condition is proportional to 
the volumetric moisture content. 
The effect of moisture content on the fire endurance of structural 
elements is not predictable fully quantitatively from present day knowledge 6.29• 
For this reason most codes require the structural elements to be con- 
ditioned to a certain specified moisture content in order to limit the 
effect to some acceptable degree. For instance BS 476 Part 8, 1972 
stipulates that the element be conditioned to simulate the state in which 
the element is likely to be when in service in a building. 
6. 4. 4 Influence of rate of heat/n 
The influence of heating rate on the behaviour of structural 
elements is considered an important parameter in standard furnace. 
tests. The significance of this is indicated by a standard heating rate 
which is normally assumed to represent a certain fire condition as shown 
in Figure 6. lb. Also, Figure 6. lc shows a comparison of temperature 
rise in a Standard Furnace Test and in a Fire Test. The temperature 
value indicates the average air temperature of thermocouples placed 
within the furnace to monitor the furnace temperature. 
Figure 6. lb shows the standard temperature - time curves as 
specified by the standard codes of various countries. The temperature-
time plots are similar initially for up to the first two hours for most 
countries. The range of variation remains within 75°C even after eight 
hours except for the Japanese Standard which shows increased variation 
from the rest with time and is about 200°C less than the others at the 
end of eight hours exposure 6 . 
It should be pointed out at this stage that the test for fire resis-
tance is highly idealised and in many cases the actual fire condition under 
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which a particular element would perform in service cannot be produced. 
Furthermore, the standard temperature - time curves are based on the 
assumption that the amount of fuel available in an enclosed area is un-
limited - a condition which is unlikely in an actual fire. 
Butcher and Law 6.28  reported wide variation in the behaviour 
of structural members exposed to fire and the standard furnace heat. 
A specimen tested in the conventional furnace may exhibit little behav-
ioural resemblance to its behaviour in an actual fire. 
6.4.5 Loading condition and restraint 
The codes of practice of most countries specify that load bearing 
structural elements should be made to carry design loads during the 
standard furnace test. For a non-load bearing structural element such 
as a partition wall no load is required to be provided during a test. 
The load is normally removed after the heating period except in the 
instance where dead weights are used. However, the Scandinavian 
Standard requires that even non-load bearing structures should be 
provided with a representative load during furnace tests in order to 
simulate loading conditions that can be caused by creep and shrinkage 
under service loads 29 . 
The thermal expansion of a concrete floor in a compartment which 
is exposed to fire is restrained from expanding by the surrounding 
construction. The effects of restraint in a fire test need, therefore, 
to be considered if the result of the mode of failure obtained in a fire 
is to be relevant to the behaviour in a complete structure which is 
exposed to fire. 
The British Standard (BS 476), the American Standard (ASTM 
E.119) and the German Standard (DIN 4102) all stipulate that the structural 
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test element be restrained during a furnace test in similar ways as 
the element would be in an actual structure 629 . 
6. /i. 6 Fire resistance tests on structural (no-fines) concrete 
The procedure for a fire resistance test 6.27  in the United Kingdom 
involves placing the structural test element in a test furnace. The 
furnace fire condition should be such that it can reproduce an intensity 
of heat similar to that obtainable in an actual fire. The period of time, 
reckoned in hours, for which the unit can remain exposed to fire of 
standard severity without functional failure is used as an indicator of 
the fire resistance. In consequence, the element is said to have a 
fire resistance of 1 hour, 2 hours etc. 
George Wimpey 61 , in 1980, commissioned tests to determine the 
fire resistance of a load bearing no-fines concrete wall of bulk density 
of 1750 kg/M 3 . The dimensions of the test wall were height = 2.60 m, 
width = 2.00 m and depth = 0.20 rn. The concrete was made with 20 mm 
single size aggregate of loose bulk density of 1510 kg/M3  and ordinary 
Portland cement. The cement/ aggregate ratio was 1:8 by volume and 
the water/cement ratio was 0.38. The 28 days average cube crushing 
strength of the concrete was 9.8 MN/m 2 with density at 1715 kg/M 3 . 
The tests were carried out according to BS 476 : Part 8 : 1972. Both 
faces of the wall were rendered with 1 : 3 soft cement/sand mortar of 
average 2 mm thickness. 
The results (per Table 6.2) indicate that, at the end of a 60 
minutes heating period, 4.5 mm wide cracks developed in the middle of 
the wall surface. The furnace temperature was about 900°C whilst the 
average temperature of the unheated face was about 60°C. The report 
did not explain whether the cracks developed as a result of thermal 
incompatibility of the constituent materials of the concrete or that they 
were due to spalling through splitting up of the aggregates or whether 
there was any spalling at all. The conclusion drawn from the results 
was that the load bearing no-fines concrete wall satisfied the require-
ment of BS 476 for minimum fire resistance rating of not less than 60 
minutes. 
Similar tests were performed by Ashton and Bigmore 642 in 1959 
on a number of non load bearing no-fines concrete walls made of different 
types of aggregates (crushed quartzite, crushed quartz and crushed 
basalt). The tests were made according to BS 476 : 1932 on monolithic 
and block walls each entirely made from two different aggregates which 
were representative of low and high silica content aggregates. All 
the walls were of dimensions of 2.54 m by 2.54 m by 0.152 m and each 
wall was rendered on both faces. 
A summary of their test results is incorporated into Table 6.2. 
The results show that the basalt (low silica aggregate) monolithic no-
fines concrete wall provided the greatest fire resistance of six hours 
rating and showed no sign of failure. By comparison, the fire resistance 
rating of quartzite (high silica aggregate) monolithic no-fines concrete 
wall was four hours. The latter wall .failed mainly on the wall rendering 
which fell off while visible cracks occurred right through the wall. 
Block walls made with quartz and basalt respectively showed a fire 
resistance rating that is lower than those of their corresponding mono-
lithic walls. 
6.4. 7 Concrete reinstatement 
Surveys of fires in buildings 6.1  have shown that fatality in fires 
does not stem from structural failures but is usually caused by smoke 
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and fumes. Structural failures due to fire are found to be few and most 
concrete structures seldom suffer total collapse even under severe fires. 
In fact fires do not always reach their maximum severity and duration 
for which the structure has been designed. It therefore means that 
such concrete building structures may be reinstated after fire damage. 
It is worth noting, however, that Building Regulations presently only 
require that structural elements of buildings to be designed to give 
a satisfactory performance during a fire and subsequent restoration 
is not a consideration. In spite of this, it is prudent and practical to 
consider "concrete reinstatement after fire damage" at design stage 
depending upon the knowledge of its behaviour in fires available at 
that time. 
After fire damage to a reinforced concrete building, the extent 
and severity of the damage must first be assessed. Following a detailed 
appraisal, the concrete structure may be economically reinstated by 
means of repair and replacement of the damaged elements 6.26  . However, 
the reinstatement of a fire damaged concrete building may become practic-
able only if there is enough information about the structural performance 
of the structural elements vis-à-vis the fire as well as any methods 
(suggested, experimental or established) of reinstatement 631 There 
has been some research into possible ways of reinstatement of dense 
concrete in fire damaged structures 626, 632 One such investigation 
resulted in the publication of a report by a Technical Committee set up 
by the Concrete Society in 19695.26  and which dealt with the assessment 
of fire damage to and repair of normal concrete with gunite. For no-
fines concrete whose structural elements tend to be usually load bearing 
walls, however, there is very little information available regarding its 
reinstatement after fire damage. 
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Reinstatement approaches are linked with whatever effect (damage) 
the fire has had on the concrete. Fire tests conducted by Malhotra 633 
in 1969 on lightweight aggregate concrete beams showed that the light-
weight aggregate concrete is free from the phenomenon of spalling. 
This would mean that no-fines concrete with its porous nature may 
also be unlikely to be affected by this phenomenon. According to Lon g 63 
spalling results in loss of concrete at the surface, hence exposing deeper 
layers of the concrete and reinforcement to the effect of the fire. As 
the thermal expansion of the reinforcing steel is greater than that of 
concrete made with basalt aggregate, cracking of the concrete does 
occur around the steel bar and affects the bond61' 6+3 
The residual strength of structural concrete is not much reduced 
by temperatures up to 300°C, but it is affected by higher temperatures 
as will be shown in later discussions. The ability of concrete to with-
stand exposure to high temperatures is due mainly to the effect of 
heat on its thermal properties such as its thermal conductivity and 
diffusivity which tend to decrease with increase in temperature. This 
gives the concrete the ability to resist the transmission of heat from 
the external fire exposed faces to the interior of the members. This, 
therefore, limits the damage to a comparatively shallow area in the 
region of the fire. 
The thermal insulating properties of no-fines concrete (Chapter 4) 
together with its probable freedom from the phenomenon of spalling may 
afford it improved fire resistance thereby enhancing the prospect of 
reinstating such building structures after fire damage. However, it can 
be recommended that such reinstatement should not be attempted on 
concrete subjected to temperatures in excess of 300°C 626 . 
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CHAPTER 7 
EFFECT OF ELEVATED TEMPERATURES 
ON THE PROPERTIES OF CONCRETE 
7. 1 Introduction 
Building structures in general, when subjected to fire (heat), 
do have significant changes occurring in their material properties. 
The most important among these may be listed as the physical, thermal, 
deformation and strength properties. Discoloration (i.e. colour changes 
with temperature), spalling, cracking and reductions in density due 
to loss in weight sufficiently account for the physical changes. Thermal 
changes generate complex variations in thermal expansion (e. g. initial 
expansion turning to subsequent contraction and vice versa), thermal 
conductivity and diffusivity as well as in specific heat. Fluctuations 
in modulus of elasticity do occur due to changes in stress-strain relation-
ships, the zones of which are generally affected by high temperature. 
Strength changes, be they compressive, tensile, flexural or bond, 
are very interesting because they are critical to the coherence and 
endurance of whole structures. 
The performance of concrete building structures which are exposed 
to fire (heat) can best be predicted if knowledge of the changes that 
occur in their material properties over a wide range of temperature 
is documented and accessible. There is extensive available literature 
describing the effect of high temperature on dense concrete whose 
behaviour is well understood. The works of Malhotra 71 in Britain, 
Abram s 72  in the United States of America, Wierig 73 and Kordina et al. 
71 
in Germany have been valuable in this field. 
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A review of the most important changes that occur in the prop-
erties of concrete materials due to the effect of high temperatures is 
undertaken in the following paragraphs. Much of the ground covered 
relates to dense concrete since published information available on no-
fines concrete in this field is very limited. The review also covers 
the effect of high temperatures on the properties of reinforcing steel. 
7.2 Effect of high temperature on physical properties 
7. 2. 1 General 
The main physical changes that do occur in a concrete material 
due to the effect of high temperature are generally discoloration, crack-
ing and spalling. The concrete may also undergo physical deformations 
and suffer reductions in density and weight. 
7. 2. 2 Colour changes 71, 7.597.6, 7.32, 7.351 7.37 
Most types of concrete undergo some degree of colour change 
when subjected to high temperatures. These colour changes may occur 
during or after cooling of the concrete and yisall be permanent. 
The colour change may be used to estimate the maximum temperature 
attained in a structure during a fire 77 . The intensity of the colour 
change is dependent upon: 
the type of aggregate used; 
the maximum temperature attained. 
The colour changes are principally due to changes that occur in 
iron oxides in the aggregate 7.6 Hence colour change in concrete produced 
from aggregate of low ferrous content may be difficult to detect or 
may be completely absent. Aggregates produced from igneous rocks 
tend to show little colour change up to 400°C. Light coloured granite, 
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limestone or pure quartz aggregate may also show very little colour 
change if their iron content is low. Figure 7.1 shows the changes 
that can occur in concrete made with siliceous aggregate. 
7.2.3 SpaIIing 77 
Damage to concrete by spalling is a characteristic of certain types 
of concrete when exposed to high temperatures. Spalling in concrete 
does occur under transient heating conditions when there is a steep 
temperature gradient resulting from a high rate of heating. As a result 
of the high thermal gradients set up in concrete, its warmed up layers 
expand and flake away from the cooler layers. Spalling resulting in 
a loss of concrete during a fire has the effect of increasing the rate 
of transmission of heat to the interior of a member. Spalling may also 
take place after a fire has been extinguished and sudden cooling occurs 
at the concrete surface. 
Three main types of spalling are recognised 7,8  normally. The 
first type is mild and consists of aggregate splitting. The second type 
which is explosive spalling, can have serious consequences due to explosive 
dislodgement of pieces of concrete from the surface. Explosive spalling 
occurs in concrete with a high moisture content. The third type of 
spalling, often referred to as "sloughing off", occurs after prolonged 
exposure to high temperatures. This type usually occurs mostly in 
columns and beams, and takes the form of irregular cracks which develop 
at the underside of beams and the corners of columns. Local dislodge-
ment of portions of material may occur at the damaged surfaces of the 
beams or from the corners of the columns. 
Some of the known factors that influence the phenomenon of spalling 
can be enumerated as the following: 
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type of aggregate; 
porosity of concrete; 
moisture content of concrete; 
stress level in concrete 79 . 
For no-fines concrete there appears to be no available information concern-
ing the effect of the phenomenon of spalling on the material when it is. 
subjected to temperature changes. Investigations made by Malhotra 7° 
on lightweight aggregate concrete, however, indicate that it does not 
suffer from the phenomenon of spalling. 
7. 2. 4 Cracking 7.11 
When concrete is heated, the cement paste shrinks while the 
aggregate expands. The differences in thermally instigated changes 
within the constituent materials of the concrete cause stresses which 
result in crack formation within the concrete 712 . Concrete essentially 
consists of aggregates held together by a network of cement paste. 
If all the stones in the concrete are covered by cement paste, there 
can be no increase in total volume unless the cement paste, by itself, 
expands. If the rate of expansion of the cement and aggregate are 
different, stresses can be set up which lead to cracking. However, due 
to the porous nature of concrete, cavities are created adjacent to the 
particles of aggregate. Some shrinkage of cement paste can therefore 
take place without greatly affecting the strength of the concrete. Cracks 
which occur in concrete structures as a result of heat do congregate 
at points where, prior to heating, hair line cracks had developed as 
a result of shrinkage or flexural loading. 
The formation of cracks in concrete due to thermal incompatibility 7 ' 3 
is minimal at temperatures below 100°C. Above 100°C, an increase of 
thermal strain occurs which leads to an increase in crack formation and 
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this becomes more pronounced above 600°C when a transformation occurs 
in the aggregate. 
No-fines concrete by its porous nature, can restrict crack forma-
tion in particular below 100°C, since shrinkage can occur in the cement 
paste, hence limiting development of crack forming stresses. 
7. 2. 5 Density 
When concrete is heated, the effect of the temperature change 
above 100°C, is to drive away the excess water in its pores 7.2•  At 
higher temperatures some of the chemically combined water is also driven 
off. The effect of loss of moisture in the concrete, due to temperature 
change, is to cause a reduction in the density of the concrete 71•  The 
reduction in density is not very significant below 800°C. However, 
above 800°C, a dramatic change may occur in some 	 2, 7.12 
Variations in density have a definite influence on heat transmission 
within a concrete (see Section 3.4). The heat conduction of the concrete 
is influenced by its bulk density 7-15 
The density of a lightweight construction material such as no-
fines concrete may suffer a greater reduction than that of dense concrete 
under increased heat. This is due to the greater porosity of the former 
type of concrete. 
7. 2. 6 Loss in weight 
Concrete loses weight when it is heated and the loss may occur 
at any higher temperature. The greatest loss per degree change occurs 
in the temperature range 100-300°C when much of the free water in 
the concrete is being liberated 7 ' 5 . According to Sullivan and Labani 716 , 
the total loss in weight for lightweight concrete at 600°C is about 92% 
of the entire water in the mix. 
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The loss of weight for concrete in general is said by Phille0 7 " 
to be substantially complete at about 425°C. At temperatures higher 
than 400°C, changes in weight are determined by the chemical nature 
of the aggregates 7.8 
7.3 Effect of high temperature on thermal properties 
7. 3. 1 General 
The rate of fire (heat) development in a building depends upon 
the thermal properties of the construction. Concrete as a construction 
material possesses some inherent resistance to damage by fire. The 
ability of concrete to withstand exposure to high temperatures is due 
to its thermal insulating capabilities (Section 4.3.3). These properties 
provide concrete with the ability to resist the transmission of heat 
from the external fire exposed surface to the interior. Hence damage 
becomes confined to a comparatively shallow area in the region of the 
fire. 
In a reinforced concrete structure, the partial safety factors 
allowed by CP 1107.17 for design of steel and concrete are 1.15 and 1.5 
respectively. The marginal safety factor for steel means that in a fire 
damage of such structures, the steel fails first. Under the effect of 
high temperatures, steel loses its strength at a faster rate than concrete. 
The insulating properties of concrete surrounding steel, if the above 
reasons are considered, therefore assumes great importance. 
Knowledge of thermal properties of concrete at elevated temperatures 
is of great value in heat flow calculations as well as in attempts to predict 
the performance of concrete structures when exposed to fire. Con-
sequently a great deal of research has been carried out on these properties 
at high temperatures for concrete and steel, especially for nuclear reactor 
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concrete shields or structures. The first publication on these researches 
was the Boulder Canyon Report 7.15• 
The most important properties of concrete relating to heat trans-
mission can be enumerated as: the thermal coefficient of expansion, 
thermal conductivity, diffusivity and specific heat. These properties 
will next be examined for various types of concrete in discussions based 
on published information. Data for these thermal properties at room 
temperature are outlined in Chapter 4. 
7.3. 2 Effect  on thermal coefficient of expansion 
When concrete is heated to high temperatures a volume change 
occurs due to complex processes consisting of thermal expansion of 
the aggregate and hygrothermal volume change in the cement paste. 
As can be seen from tests done by Zoldners 7 ' 2 (Figure 7.2a), initially 
expansion occurs in the cement paste but this trend is reversed to 
a contraction as the temperature increases. The subsequent shrinkage 
or contraction that occurs in the cement paste is overshadowed by 
the expansion that occurs in the aggregate. The resultant curve of 
thermal expansion for concrete, therefore, is the sum total of the thermally 
induced volume changes in the cement paste and aggregate at the tem-
perature of exposure (Figure 6.2). 
Dettling 7.18  showed in his work that the thermal expansion of 
concrete is affected by the mix proportions, moisture content, age 
of the concrete and the coefficients of thermal expansion of the individual 
constituents of the concrete 7.19 Air-dried concrete has a higher value 
of thermal expansion compared to an extremely dry or water saturated 
concrete. The increased thermal expansion in this instance is due 
to movement of water in the pore system. For a given moisture content 
and concrete mix, the most significant factor controlling the thermal 
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expansion of concrete is the, expansion of the aggregate. Work by Stanton 
Walker et al. reported by Zoldners 7 ' 2 showed that the thermal expansion 
of concrete is approximately the average of those for its constituents. 
Concrete with a higher coefficient of thermal expansion tends to expand 
at a faster rate than concrete with lower such coefficients (Table 7.1). 
Zoldners 7 ' 2 deduced that since aggregates occupy about 70% to 
80% of the total volume of concrete (Section 6.3.4), it follows that the 
thermal expansion of concrete is almost directly proportional to that of 
its aggregate. Also, the thermal expansion of a rock depends upon those 
of its mineral crystals 7.12  (Table 6.1). The mineral composition and 
structure of aggregates are, therefore, major factors determining the 
coefficient of thermal expansion of concrete, in particular at high tem-
peratures. Data obtained by many researchers show that the main factor 
influencing the thermal expansion of rocks, and as a direct result those 
of most concretes, is the proportion of quartz mineral present in the 
rock 7872 Rocks with high quartz content such as quartzite (100% of 
quartz) and sandstone (92% of quartz) have the highest coefficients of 
expansion. Rocks containing little or no quartz such as limestone (0% of 
quartz) have the lowest coefficients of expansion. Basalt aggregate (25% 
of quartz) and granite (35% of quartz) rocks are some of those with 
medium quartz content, hence they have intermediate coefficients of 
thermal expansion 7.12  (Figure 6.4a; Table 6.1). 
The behaviour of quartz-rich rocks when heated is attributed to 
the volumetric change that occurs in the quartz (Figure 7. 2b) 7.8  . Heating 
of quartz up to 500°C and above causes a volumetric expansion of about 
3% and this becomes more significant at 575°C when conversion of a-quartz 
to 3-quartz (Section 6.2.2.2) results in a sudden volumetric expansion 
of about 	A shattering of the rock structure ensues from this 
change together with additional volumetric expansion. 
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From Figure 6.4a, it will be observed that up to a temperature of 
575°C when transformation takes place in the silica, the total thermal expan-
sion of basalt aggregate is only about 0.5% whilst that of granite aggregate 
is about three times this value. This would mean that the rate of expansion 
of basalt aggregate concrete when heated below 575°C will be small but that 
above this temperature the rate of expansion would increase rapidly and at 
800°C would be about 1%. Studies conducted at Canada's Mines Branch 7.12 
showed that the rate of expansion of most rocks increases several times 
over normal when exposed to temperatures above 500°C. 
Another notable work on expansion in concrete was by Harada 720 . 
Figure 6.2 shows the results he obtained on various types of concretes. 
For a rich mix of 1 1 the resultant curve shows slight contraction whilst 
for leaner mixes the resultant curve shows an expansion. For concrete 
with a greater proportion of aggregate to cement, the resultant curve 
approaches that for the aggregate itself. 
Lightweight concrete, according to Malhotra 721 , shows lower coefficients 
of thermal expansion than dense concrete (Figure 7.2c). This trend was 
shown by tests he performed on walls where heating was applied to one side. 
Harada et al. 7.20  (Figure 7.2d) also showed that the thermal expan-
sion of this type of concrete when subjected to high temperature was the 
more stable compared with dense concrete. Abram s 722 found that sanded 
expanded-shale concrete exhibited a very low expansion-versus-temperature 
relationship compared with that of siliceous aggregate concrete when heated 
up to 875°C (Figure 7.2c). 
For no-fines concrete, the coefficient of thermal expansion at room 
temperature is = 11.0 x 10_6  per °C (Section 4.3.3.5). The effect of 
high temperature on the thermal expansion of this type of concrete appears 
not to have been investigated. The effect could, however, be assumed 
to be similar to that on the aggregate used in the concrete. 
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The relationship. between the thermal expansion of steel and various 
temperatures is shown by the work of Lie 	in Figure 7.2e. The thermal 
expansion of steel increases as temperature increases. However, the 
relationship is not linear. Figure 7.2d shows the thermal expansion of 
steel to be close to that of limestone aggregate concrete for temperatures 
between 100°C and 600°C. For temperatures below 100 0 and above 600°C, 
the rate of expansion of the steel is slightly higher than that of the 
concrete. 
7.3.3 Effect on thermal conductivity 
-The thermal conductivity of concrete, as shown earlier in Section 
4.3.3.2, depends mostly upon the nature of the aggregate, porosity 
of the concrete and the moisture content. At ambient temperature 
the thermal conductivity is influenced primarily by the bulk density, 
type of aggregate used and the moisture content (Section 4.3.3.2). 
The greater the bulk density and moisture content, the greater would 
be the value of conductivity. Heating of ' structural concrete would 
lead to evaporation of the free and chemically bound water in the concrete 
as well as to an expansion of the aggregates within it. These two fore-
going factors hence become the most important elements influencing 
the value of thermal conductivity at high temperatures. 
In structural concrete the volume of aggregate content varies 
between 70 and 85% and the remainder of the volume is cement paste 7,24  
The volume of the cement paste contains about 40% of evaporable water. 
Hence the proportion of evaporable water in concrete would appear 
to vary between 10% and 12% by volume 7 . From Figure 4.4b - Jacob's 
relationship for materials (Section 4.3.4.5) - it could be suggested 
that the thermal conductivity of concrete might be reduced by a factor 
of around 2 by drying through heating. 
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The other factor influencing the reduction in thermal conductivity 
of concrete when it is subjected to heating, apart from the effect of 
loss of moisture, is the thermally instigated volumetric change that 
occurs in the constituents of the concrete. For this, Jacob observed 
that materials that are crystalline fundamentally tend to behave differently 
when heated compared with the behaviour of amorphous materials. The 
thermal conductivities of crystalline materials, when subjected to tern- - 
perature increase, are observed to have the tendency to decrease with 
temperature increase. The opposite effect occurs for amorphous materials, 
i.e. they tend to increase with increasing temperature. Certain materials 
such as silica, however, are noted to occur in crystalline (including 
allotropes) and amorphous forms and thus exhibit behaviours appropriate 
to their structures '. 
A cement paste is considered to be composed of minute cyrstals 
whose structure is regarded as crystalline. The thermal conductivity 
of cement paste, on this basis, will decrease with increasing temperature. 
However, the allotropic nature of aggregates are difficult to generalise 
compared with cement paste. Most hard aggregates are noted to be 
crystalline 7 ' 5 . Tests done by Birch and Clark 725 in 1940 demonstrated 
that the thermal conductivity of most rocks decreases with increasing 
temperature. 
From an analysis of the general effect of heat on the constituents 
of concrete, the following qualitative account of the effect of heating 
on the thermal conductivity of concrete may be deduced. When concrete 
is moderately heated, the temperature rise causes removal of moisture 
from the capillary and gel pores. This eventually leads to a reduction 
in the value of the thermal conductivity of the concrete. The conduc-
tivity may be reduced by as much as 50% at moderate temperatures. 
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At higher temperatures, the conductivity could be reduced much more 
owing to the thermally instigated volumetric changes that occur in the 
constituents of the concrete. Such changes include the phase transforma-
tion that occurs in some aggregates above 575°C. 
The results of tests done by Harmathy 715 confirm this general 
pattern (Figure 4.3). Harmathy examined various concretes and his 
results (Figure 4.3) show that for dense concrete, conductivity decreases 
with increasing temperature. Results of other investigations by Norton 7.26 
in 1913, Harada et al. 720  in 1953, Zoldners 7 ' 2 in 1960, and Marchal 
7.27 
in 1970 all show similar trends. The results Norton obtained indicated 
very little change in thermal conductivity with temperature increase 
up to 500°C. However Norton found higher values of conductivity at 
1000 and 1100°C. Harada et al. measured conductivities at high tem- 
peratures for different types of concrete using different types of Japanese 
aggregates. Their results show that the reduction in conductivity of 
the concrete is approximately proportional to the increase in temperature 
for temperatures greater than 100°C. Over the temperature range 
100-750°C, Harada et al. found the reduction to be around 50%. Zoldners 
obtained a reduction for sandstone aggregate concrete similar to that 
of Harada et al. However, Zoldners' results for gravel, expanded 
shale and limestone aggregates in the temperature range 100-400°C 
showed a lower rate of reduction with temperature rise. For limestone 
aggregate concrete, Zoidners obtained a modest increase in thermal 
conductivity with temperature rise. 
For lightweight concretes, the results of Harmathy (Figure 4.3) 
showed that the concrete tends to be more stable at high temperatures 
and only a nominal decrease in conductivity occurs with rise in tem-
perature. 
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There appears to be no published information giving measurements 
of thermal conductivity of no-fines concrete at elevated temperatures. 
However, one would expect the trend to be similar to those of other 
types of lightweight concrete. 
The thermal conductivity of steel 79 at room temperature is about 
50W/mK compared with concrete which has a value less than 2W/mK. 
Stirling 7.28  of the British Steel Corporation showed that the thermal 
conductivity of steel decreases with increasing temperature. At 700°C, 
the value is found to reduce by as much as 50%. Above 700°C, the 
effect of heating reverses and the conductivity increases slightly in value. 
7. 3. 4 Effect  on specific heat 
There exist few publications relating to the effect of high tem-
perature on the specific heat of concrete: At ambient or normal tem-
perature the value of the specific heat of concrete appears to vary 
within the range of 800-1200 JIkg°C (Section 4.3.3.3). On account 
of drying out of moisture in concrete when heated, one would expect 
some reduction below the initial value. Increases around particular 
temperature levels could also be expected to correspond to the thermal 
phase transformation that occurs in the aggregate and cement paste. 
Harmathy 7 ' 5 studied the effect of temperature increase on the 
specific heat of various concretes as shown in Figure 4.3. His results 
show that the specific heat for concrete in general increases with tem-
perature rise. Earlier studies on specific heat was done by Norton 7.26 
in 1913, the results of which are shown in Table 7.2, indicate significant 
increases in specific heat over the temperature range 22-800°C. Work 
done by other researchers and which showed trends similar to those 
of Harmathy were by Colette and Odeen 7*9 
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Figure 4.3 shows the trend of results obtained by Harmathy 7 ' 5 
for the specific heat of lightweight concrete. The specific heat tends 
to increase in value with temperature increase up to 200°C. Above 
200°C the value decreases slightly. Between 200 to 600°C, the effect 
of temperature rise on the specific heat becomes quite minimal. 
For no-fines concrete, there appears to be no publications indicàt-
ing the effect of high temperature on its specific heat values. 
One of the few available published works on the effect of high 
temperature on the specific heat of steel is the work done by Stirling 729 . 
The specific heat was found by him to increase progressively with increas-
ing temperature up to 700°C. Above 700°C, the value starts to decrease 
sharply until at about 900°C when the effect becomes minimal. Petterson 
et 0/. 	have reported trends similar to those of Stirling up to 700°C. 
7. 3. 5 Effect  on thermal diffusivity 
Thermal diffusivity values, as shown in Section 4.3.3.4, are 
determined from data obtained for thermal conductivity and specific 
heat. Hence the effect of high temperature on thermal diffusivity can 
be established once the thermal conductivity, density and specific heat 
values are known. Figures 4.3 and 4.4 show Harmathy's 715 results 
for dense and lightweight aggregate concretes. The curves indicate 
a decrease in the thermal diffusivity as temperature increases, i.e. 
the rate of heat transfer decreases as the temperature rises. Above 
600°C, the effect becomes less significant. Schneider and Haksever 72 
also did some work on the diffusivity of siliceous aggregate concrete 
at high temperatures and the trend of behaviour of their data is the 
same as is shown in Figure 4.4. Hrada et al. 7.20 	1958 undertook a 
series of comprehensive tests to determine thermal diffusivity at elevated 
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temperatures for concrete made with various types of aggregates. The 
results show significant reductions in thermal diffusivity with increase 
in temperature. Dougil 79  in 1960 also did some tests on dense concrete 
made with Thames Valley river gravel and Portland cement. His results 
demonstrate that the thermal diffusivity is reduced by half of its original 
value at 220°C. Above 220 0C the temperature rise has little effect on 
the diffusivity value. 
For lightweight concrete, the effect of high temperature on the 
thermal diffusivity is either small or not very significant. A slight 
decrease in diffusivity, as temperature increases, occurs for most types 
of lightweight concrete. However, for some others no significant change 
occurs as shown in Figure 4.4 for the data provided by Harmathy 
715W 
No report appears to be available indicating the effect of temper-
ature rise on the thermal diffusivity of no-fines concrete. However, 
one would expect it to follow the same trend as Harmathy's results 
show for lightweight concrete. 
As the density of steel may not change due to temperature increase 
the thermal diffusivity of steel can only be affected by the changes that 
occur in its conductivity and specific heat. Hence the thermal diffusivity 
has the same trend as the conductivity decreasing in value almost 
linearly by a factor of 3 from its original value of 0.84 m 2 /h at 20°C to 
0.28 M2  /h at 700°C 79 . 
7.4 Effect of high temperature on elastic and inelastic properties 
7.4. 1 General 
In order to be able to study the response of concrete structures 
to the high temperatures experienced in fires, it is important to have 
data on the changes that occur in the elastic and inelastic properties 
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of the concrete material. Some of the important elastic properties that 
are relevant can be listed as: stress-strain relationship, the elasticity, 
thermal strain, creep strain and Poissons ratio. 
These properties are discussed below for various types of concrete 
and reinforcing steel. 
7. 4. 2 Effect on stress-strain relationship 
The relationship between stress and strain of concrete at high 
temperatures helps the - understanding and prediction of the behaviour 
of a concrete structure during and after a fire. From the stress-strain 
relationship, important elastic characteristics of the material such as 
its modulus of elasticity, yield stress and strain can be determined. 
A number of important researches have been carried out therefore 
to study this relationship at high temperatures. Generally for a concrete 
subjected to a uniaxial compressive load whilst heated to a high temper-
ature, the stress-strain relationship shows a reduction in the ultimate 
stress and an increase in the ultimate strain for increasing temperature. 
Studies were carried out in 1966 by Furumura 729 as well as 
Harmathy et. al. 7.30  independently but Furumura appears to be the first 
to 'present a comprehensive study into the stress-strain relationship 
for concrete under compressive stress at high temperatures. Figure 7.3a 
shows some typical stress-strain curves obtained by Furumura. The 
work of Furumura was reviewed by Baldwin and North 7.31  in 1969 and 
they showed that the stress-strain curves of concrete, under compres-
sion at high temperature, can be represented by an equation of the 
form: 
a 	£ 
=f Gmax £max 
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where f is a functional form independent of temperature and °max  and 
Emax are the values of stress and strain at the point of maximum stress 
respectively. This implies that the stress-strain curves for concrete 
at high temperature can be derived entirely from those determined 
at room temperature together with the variation of the compressive 
strength of the material with temperature corresponding to the peak 
of the curve. Dou gill 78  pointed out that this is generally applicable 
to all results. 
Weigler and Fischer 7.32  in 1967 also studied the stress-strain 
relationship of concrete at high temperatures. Their results show 
that up to 300°C, there is no significant change in the stress-strain 
curves. Above 300°C, the curves display reductions in value similar 
to those of Furumura. Other notable works done on the stress-strain 
behaviour of normal concrete at high temperatures were carried out 
by Kordina and Schneider as well as Anderberg et al. , as reported 
by Abram S7,2  and Malhotra 79 . Their results show similar trends for 
the relationship as others had reported before them. 
For lightweight concrete, information concerning the effect of 
elevated temperature on the stress-strain relationship for the concrete 
in compression is provided by studies carried out by Harmathy and 
Berndt 730 . Figure 7.3b shows typical stress-strain-temperature curves 
for expanded shale aggregate concrete as obtained by Harmathy. In 
general, the curves show a reduction in strength with increasing tem-
perature and this becomes more pronounced above 300°C. By 760°C 
less than 50% of the original ultimate stress is retained. Also the curves 
show that whilst the maximum stress reduces in value, the corresponding 
strain increases. 
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For no-fines concrete; no published information is available to 
indicate that any studies have been carried out on the stress-strain 
relationship for the concrete at high temperatures. One would, however, 
expect the trend of the curves to follow that for lightweight concretes 
which have thermal properties similar to those of no-fines concrete. 
The stress-strain characteristics of steel when subjected to high 
temperature were studied by Harmathy and Stanzak 733 in 1969. Figure 
7.4a shows the stress-strain curves for mild steel (ASTM.A36). Different 
steels are considered to have different stress-strain curves 
Generally, on heating steel there is an increase in the stress-
strain curves up to 300°C. Above this temperature, the strength is 
progressively reduced whilst the strain increases with increasing tem-
perature. By 600°C less than 50% of the initial strength is retained. 
7. 4. 3 Effect  on modulus of elasticity 
The effect of temperature on the modulus of elasticity of concrete 
has been studied by various researchers between 1953 and 1971. The 
results of a number of these investigations, i.e. by Harada et al. 720 
in 1953 and 1957; Philleo 7 " in 1958; Zo1dners 7 ' 2 in 1960; Furumura 729 
in 1966; Cruz 731 in 1966; Harmathy and Berndt 730 in 1966; Davis 735 
in 1967, and Sullivan et al. 716  in 1976 - show that the modulus of elasticity 
for. concrete in compression decreases with increasing temperature. 
Figure 7.5a 75 shows an example of typical results obtained by Phileo1 
for calcareous aggregate concrete specimens heated to high temperatures 
under no applied load. It is to be noted that the reduction of the modulus 
at high temperatures is greater for the weaker concrete or concrete 
with higher water content. Also air cured specimens were less affected 
by the heating. Harada's 72° results showed similar overall effects of 
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heating on Young's modulus after cooling. It additionally indicated 
that types of aggregate influence the rate of loss of elasticity in the 
concrete. 
Studies carried out on the modulus of elasticity of concrete, 
that had been subjected to stress during heating, showed that the 
loss in value was much less than that which occurred when measured 
without load during heating. Results of investigations carried out by 
Fischer 7,32 were confirmatory. These tests were executed on normal 
concrete which was subjected to a load of one third of its cold strength 
during heating. The results showed no change in the Young's modulus 
up to 4500C. Above 450°C, significant reductions occurred. 
The influence of heating on the Young's modulus of lightweight 
concrete (Figure 7.5b) was among the many parameters investigated 
by Harada et al. 720, Cruz 73 and Harmathy et al. 
7,30  . Harada's results 
for expanded shale concrete showed that temperature increase has 
a smaller reducing effect on the modulus of elasticity of this concrete 
compared with that on the same modulus for a gravel concrete and that 
this influence diminishes further as the temperature increases. Results 
obtained by Schneider and Anderberg, as reported by Malhotra 79 ,' for 
lightweight aggregate concrete made with expanded shale also showed 
less reduction in value of the modulus and were similar to those of 
Harada. Cru Z 7,34 examined the reduction in elasticity of three types of 
concrete including lightweight concrete (Figure 7.5b), but his results 
show that aggregate type and concrete strength do not significantly 
alter moduli at high temperatures. Results procured by Harmathy 
indicated that the elasticity appeared to be unaffected by heating up to 
about 200°C. Above this temperature, the elasticity decreased with 
increasing temperature and by 700°C had only about 25% of the initial 
value left. 
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The general trend of the results is that concrete loses its elasticity 
or stiffness at high temperatures and that the reduction tends to be 
greater than the proportional loss of strength. The application of 
loading during heating restricts the loss of stiffness. Further reduction 
in elasticity or stiffness occurs on cooling. 
For no-fines concrete, there are no published reports showing 
the influence of high temperature on the modulus of elasticity of the 
concrete. It could be, however, that the effect is similar to that obtained 
for some of the lightweight concretes discussed earlier. 
The modulus of elasticity of steel, as reported by Abrams 7.2, 
decreases with increasing temperature (Figure 7.5c). The reduction 
on ferritic steel is found to be linear up to 500°C. Above this temper-
ature, the modulus decreases more rapidly. Anderberg 536 examined 
the influence of high temperature on reinforcing steel and his results 
showed that the reduction for cold-drawn steel is lower by as much as 
20% than that for hot rolled steel over a temperature range of 20 to 700°C. 
7. 4. 4 Effect on thermal strain 
When concrete is heated, it deforms and the simplest form of 
thermal strain that occurs in the heated concrete is that due to its 
thermal expansion. According to work done by Anderberg et al. 7.13  and 
Schneider 	generally the total strain displayed by deformations in 
a heated material (e.g. concrete) may be divided into four components 
as follows: 
Thermal strain - instantaneous strain due to deformations 
induced by temperature change, without external load, in 
the material. 
Elastic strain - instantaneous strain produced by external 
load. 
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Shrinkage strain - time-dependent strain observed on unstressed 
specimens and caused by loss of water. 
Creep strain - time-dependent strain observed in a heat-stressed 
specimen. 
The thermal strain, which is induced in concrete by a temperature 
change, is directly influenced by the vaporisation of the free water and 
the chemically combined water in the concrete. However, the dominant 
factor with the thermal strain is the minerological character of the aggreg-
ate 	(see Section 6.3.4). It was explained elsewhere (Section 7.3.2) 
that the magnitude of the thermal strain also depends upon other factors 
such as the type of aggregate, the mix proportions, the cement paste 
and the moisture content. The work of Zoldners 72 explains in detail 
the effect different factors have on the thermal expansion of concrete. 
The result of thermal expansion that occurs in heated concrete 
is the formation of cracks which stems from thermal incompatibility 
produced within the concrete. Since the extent of thermal expansion 
can be influenced by the presence of loading in the concrete and thereby 
the extent of its crack formation, both the non-loading and loading 
conditions need to be examined. 
(a) Non-loading condition: 
The work of Cruz as reported by Abram s 72 , provides extensive 
knowledge about the thermal expansion of a non-stressed concrete 
at high temperatures. Cruz is reported to have performed his experi-
ments on three kinds of aggregates. The results show that the thermal 
expansion increases with increasing temperature. The results also 
show that expanded shale lightweight concrete has the lowest expansion-
versus-temperature relationship whilst siliceous aggregate dense concrete 
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has the highest (Figure 7.6a). Work by Harada et al. 7.20  also shows 
that the thermal expansion is substantially affected by the proportion 
(by weight/volume) between the aggregate and cement paste in the 
concrete. If the ratio between cement paste and aggregate increases 
then the net thermal strain deviates more and more from that of thermal 
expansion to that of thermal contraction finally. 
The extent of cracks that are formed in an expanded concrete 
heated to high temperature can be examined under four temperature 
levels. Initially, for temperature levels below 100°C, since the tem-
perature of the heated adsorbed concrete water is below its boiling 
point both the cement paste and aggregate expands. Consequently 
the net strain in the concrete is an expansion. Between 100-200°C, 
the free water in the concrete begins to evaporate. The cement paste 
begins to shrink or contract whilst the aggregate still continues to 
expand. The net thermal strain, however, is an expansion as a result 
of greater positive thermally-induced movement (expansion) of the 
aggregates (see Section 7.3.2). By 300°C, a greater part of the free 
water is lost but the cracking that occurs in the concrete is not great. 
Between 300-400°C, dehydration of the chemically combined water (i.e. 
disintegration of compound 3CaO.A1 2 0 3 .6H 2 0 (C 3 AH6 )) occurS7 *60 
The rate of thermal expansion in the concrete increases further. When 
the concrete is heated to higher temperatures of about 500-600°C, in 
addition to dehydration of the chemically combined water (i.e. disintegra-
tion of compound Ca(OH) 2 ), a transformation of c- quartz begins 
to occur in the aggregate 7,49  . The thermal expansion begins to increase 
more rapidly as shown by the work of Harada et al. 7 20 Substantial 
cracking is therefore to be expected in the internal structure of the 
concrete and its strength, stiffness and elastic properties also may be 
reduced or affected in some way. 
LI 
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The mode of cooling of an expanded concrete, which is not re-
strained, is shown by the work of Purkiss 75 as illustrated in Figure 
6.3b. For temperatures below 100°C, the aggregate loses its expansion 
on cooling and almost regains its original shape. The cement paste, 
however, retains its shrinkage which is not recoverable. The net strain 
in the concrete is, therefore, a shrinkage. Above 300°C, the net strain 
in the concrete on cooling is a residual expansion because most of the 
cracking which has occurred is irreversible (Figure 6.3b). 
(b) Thermal strain of heated concrete under stress: 
If a concrete structural member is subjected to a uniaxial compres-
sive load during the heating process, the thermal strain (expansion) 
of the concrete material is restricted by a compressive strain induced 
in the concrete by the compressive load. This results in a reduction 
of the thermal expansion in the concrete and a subsequent limiting 
of cracking within it. 
Weigler and Fischer 7,32 investigated the effect of different load 
levels on thermal expansion of a quartz aggregate concrete under sus-
tained loading (Figure 7.6b). Their results confirm that the thermal 
expansion increases but at a substantially reduced rate - due to the 
load constraint compared with the non-loading condition - in conformity 
with the stress levels in the heated concrete so that the resultant crack-
ing dwindles. Similar investigations on the deformation of heat treated 
uniaxially loaded concrete specimens were carried out by Schneider 737 . 
The trends of his results were similar and also showed that beyond 
a certain stress level in the heated concrete, the net thermal strain is 
reduced from expansion to contraction. Anderberg and Thelanderssen 5.13 
explained that this trend was partly caused by short term creep due to 
the load on the specimen during the heating process. 
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The thermal strain in a lightweight concrete was investigated 
by Cruz 72  and Harmathy et al. 
7,30 . Their results show trends similar 
to those for dense concrete. However, the expansion of the lightweight 
concrete is found to be smaller and to increase at a slower rate than 
dense concrete (Figure 7.6). 
For no-fines concrete, there is no reported information concerning 
the effect of high temperature on its thermal strain. However, it could 
be deduced that such an effect could be similar to thatof a heat treated 
lightweight concrete. This is corroborated by Neville 's 72 observation 
that the thermally-induced movement obtainable in no-fines concrete is 
about 0.6 to 0.8 of that of heat treated dense concrete. 
When steel is heated, the. total strain that occurs in the steel 
due to its deformation consists of the following: 
the thermal strain; 
the elastic or stress strain; 
the creep strain. 
The thermal strain that occurs in a heated steel indicates a thermal 
expansion. Abrams 5.2 reports that the thermal expansion in steel in-
creases very nearly linearly with increase in temperature. A report by 
Malhotra 79  provides substantial facts about the thermal strain of a 
heated steel and shows that for most common steels an equation, shown 
below, relates the thermal expansion with the temperature rise in the 
steel . 1(see Figure 7.4b), i.e. 
Id = 1 = ( 0.4x10 8 Ts 2) + ( 1.2x10 5TS) - (3 x 10) ni/rn 
where q = thermal strain 
Ai = increase in length 
I = original length 
Ts = the temperature rise in the steel. 
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7. 4. 5 Effect on creep 
When concrete is subjected to a sustained load or stress it initially 
undergoes an instantaneous deformation which is termed its elastic 
strain. Thereafter the concrete continues to deform with time. There 
occurs within the concrete, with time, an additional increase in strain 
which is termed creep strain or simply creep. Similarly it has been 
observed that a time-dependent creep strain does occur also in a loaded 
concrete structure subjected to a temperature change in addition to 
the elastic strain 7 ' 3 . Studies carried out by Neville and Meyers 738 on 
creep in concrete list many factors that influence the magnitude of 
creep among which are the following: the type, content and porosity 
of aggregates; the type and content of cement; the aggregate-cement 
ratio; the water-cement ratio; the extent of loading and temperature 
change. 
The observed effect of high temperature on creep of concrete 
is that creep increases with temperature. Various creep theories have 
been postulated 7 * 39  but the one which attributes concrete creep principally 
to the movement of water or to the increment of viscous flow of cement 
gel explains better the increase of creep in concrete at high temperatures. 
Nasser and Neville 72  reported that factors influencing creep at elevated 
temperature include moisture content of concrete, type and strength 
of concrete, applied stress, time under load and maturity of concrete. 
Test data available on k effect of elevated temperature on creep 
of dense concrete shows that creep increases with rising temperature 
but that the increase is not significant up to a temperature of 400°C. 
Above 400°C, the increase becomes greater as the effect becomes more 
pronounced. Figure 7.7a shows results of creep at various temperatures 
for dense concrete as reported by Malhotra 79 . Tests done by Cruz on 
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a carbonate aggregate concrete as reported by Abram s 72 show similar 
trends. Investigations by Marchal 7.27 on creep at elevated temperatures 
show also that creep increases with temperature. However, up to 100°C 
the rate of increase decreases with increasing temperature. Marchal 
showed further that water has an important influence on the creep of 
concrete. 
Anderberg and Thelandersson 713 conducted tests on the effect 
of temperature and stress levels on creep of dense concrete for two 
stress and several different temperature levels for 3-hour periods. 
They concluded from their results that for temperatures below 400°C, 
creep plays only a limited role in the overall behaviour of concrete 
(Figure 7.7a) . Above 400°C, the influence of creep on concrete struc-
tures becomes significant. 
Since concrete in service is subjected to sustained loads for long 
periods of time the effect of creep strains in concrete structures under 
fire needs to be considered in structural concrete design. Anderberg 
et j7.13, however, cautioned the practical application of most test 
data on the creep of concrete at high temperatures to concrete structures 
under fire. They argued that most of the tests performed on creep in 
concrete at high temperatures were done under steady state conditions 
or for stabilised temperature situations at temperatures below 200°C. 
Furthermore, the creep strain was observed for days instead of hours. 
Concrete structures which are subjected to fire, on the other hand, 
are observed to become heated more rapidly, i.e. under transient heating 
conditions, and they most often attain temperature levels well above 200°C. 
Hence the creep behaviour in a concrete structure under a real fire 
could be radically different. 
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Creep strain in lightweight concrete including no-fines concrete 
at elevated temperatures appears not to have been investigated since 
no published information is available. Geymayer 7,39in  his intensive 
review of literature on the effect of elevated temperatures on creep 
in concrete did not mention anything on lightweight concrete. It should 
be mentioned, however, that the creep of structural lightweight concrete 
at ambient temperature, according to Short and Kinniburgh 7° , has 
been investigated by Shideler, Evans, the Research Institute for the 
Cement Industry in Düsseldorf and others. For the same compressive 
strength in lightweight concrete and dense concrete, creep of most 
lightweight concretes is found to be generally larger than in gravel 
concrete. The creep of lightweight concrete is noted also to increase 
at a greater rate than that of gravel concrete for increased durations 
of loading. It could be inferred from these that at elevated temperatures, 
the effect of heating on creep in lightweight concrete, including no-fines 
concrete, would be greater than that in dense concrete. 
Creep strain in mild steel at high temperatures is noted to be 
insignificant for temperatures below 450°C. Above 450°C, the creep 
strain is noted to increase with stress and temperature 79 . Creep strain 
in steel has been investigated by Harmathy and Stanzak 733 and other s72' . 
The results of Harmathy et al. show that for mild steel (ASTM.A36), 
the effect of temperature on creep strain is very minimal below 400°C. 
Above 400°C, the creep strain in the steel bar increases rapidly with 
increasing temperature (Figure 7.7b). 
Abrams 7-2 stated that analytical and numerical methods can be 
developed for predicting the creep strain in steel under fire largely 
based upon concepts proposed by Harmathy 733 and Dorn 72 . 
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7.5 Effect of high temperature on the mechanical (structural) properties 
7. 5. 1 General 
A good knowledge about the behaviour of the structural or 
mechanical properties of construction materials (e.g. concrete), when 
exposed to temperature change, is invaluable in making decisions about 
reinstatement or reconstruction of concrete structures after a fire. 
Generally the performance of the structural properties of construction 
materials like concrete and steel tend to deteriorate when they are 
exposed to elevated temperature s 72 . The nature and level of degradation 
depend on a number of influencing factors which have been investigated 
extensively 7.2 
Several researchers 7.2  have carried out studies into the behaviour 
of the major structural or strength characteristics of concrete and 
reinforcing steel at high temperature so as to examine the causes of 
the changes that the materials undergo as a consequence of heating. 
The results and findings arising out of their work are reviewed for 
some structural properties among which are: the compressive strength, 
the tensile strength, the flexural strength, the shear strength and 
the bond strength. The effect of temperature on bond strength is 
dealt with very briefly because it is a subject matter for an extensive 
investigation in Chapter 10. 
7. 5. 2 Effect  on compressive strength 
7. 5. 2. 1 Dense concrete 
The compressive strength of any concrete will vary when it is 
subjected to high temperature. The extent of the variation would depend 
upon whether the concrete was tested hot or in a residual condition and 
also whether or not the concrete was under stress during the heating 
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process. Other factors which have been shown to influence the extent 
of the effect of elevated temperature on compressive strength may be 
listed as: 
type of cement; 
type of aggregate; 
moisture content; 
the loading conditions or stress level; 
maximum temperature and its duration; 
the rate of heating and cooling; and 
the mix ratio. 
The influences of these factors on the strength properties of heat-
treated concrete are discussed in Section 9.3.4. 
Generally the compressive strength of concrete tends to decrease 
with increasing temperature (Figure 7.8a). Since concrete is relatively 
stronger in compression and hence very much used for resisting compres-
sive stresses, its compressive strength is of considerable importance. 
Consequently there have been very extensive investigations into the 
effect of elevated temperature on the compressive strength of concrete 7.17.30• 
Figure 7.8a 76 ' shows typical results of some of these researches, dis-
crepancies between which could be attributed to the effect of several 
of the factors listed above. The strength depends on test conditions 
which underlie the following: 
(1) restrained concrete-shows greater strength than unrestrained 
concrete; 
the strength at elevated temperature is higher than the residual 
strength; 
unstressed residual strength is lower than the unstressed 
strength at high temperature; 
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(iv) percentage loss in strength is greater for richer mixes than 
for leaner ones, i.e. the less the cement content the lower 
the relative loss of strength. 
Existing literature 7-1- 7-4,7.8, 7.20, 7.22 on studies carried out to 
investigate the effect of high temperature on strength of concrete con-
tains considerable differences,in particular over temperature ranges 
less than 300°C. There are even some contradictions in the results 
obtained by the various investigators (Figure 7.8a). These results 
are normally considered to fall into two groups. The results of one 
group show that the strength of concrete decreases with temperature 
rise. The results of the other group show the strength initially increas-
ing slightly or showing no change in value with temperature rise up to 
300°C after which there is a dramatic decrease in strength. Among 
the results of the first group holding the view that strength shows 
initial decrease with temperature rise, some authors report a slight 
divergence. This variation shows the strength initially decreasing up 
to 150°C, then beginning to increase up to 300°C when it starts to 
decrease again 7.22, 7.61 (Figure 7.8a). The work of Morley and Royles 75 ' 
demonstrated that the strength at 500°C is almost the same as that at 
ambient temperature. 
The explanation for the various differences and contradictions 
in the results are attributed by Wierig 7,3  , Abrams 7.2  and Malhotra 
respectively, to different test conditions, differences in experimental 
techniques as well as to differences in materials used for the test speci- 
mens. The initial increase that occurs in strength, according to Wierig , 
is due to additional hydration of the cement paste brought about by 
heating of the concrete. This is corroborated 	the work of Dougill 7 
which showed also that, depending upon the moisture condition at the 
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start of the test, increase in temperature may cause either an increase 
or decrease in strength (Figure 7.8b). The increase in strength, 
as explained further by Dougill 7.8,  can be attributed to an increase in 
Van der Waals forces (surface forces) brought about by removal of 
moisture from the cement paste when the concrete is heated. 
Above 300°C, the results of various investigators show the behav-
iour of the concrete becomes more consistent with a general trend of 
sharp decrease in strength with increasing temperature. Within higher 
temperature ranges above 300°C, the thermal incompatibility in the 
heated concrete increases leading to more internal stresses which induce 
cracking inside the concrete. Therefore, the concrete structure is 
progressively destroyed under increasing high temperature resulting 
in further reduction in strength. Table 7.3 summarises the factors 
considered by previous workers in their studies of elevated temperature 
effects on concrete. 
The earliest investigation was reported in 1905 by Woolson 7,52a 
who studied the effect of heat on the compressive strength of concrete 
(Table 7.3). His results showed that the compressive strength suffered 
noticeable reduction above 400°C. The limestone aggregate concrete 
was observed to suffer greater loss compared with the other type of 
concrete tested. The strength of concrete was observed to deteriorate 
more during the cooling period especially when heated above 1100°C. 
In 1906, Woolson 752b continued his studies by investigating additional 
aggregate types of quartz gravel and boiler cinders. The gravel aggreg-
ate concrete was found to suffer the highest degree of loss of strength. 
For concretes of limestone and trap rock aggregates, the strength 
after a three-hour heat soaking at 800°C was greater than the strength 
after a two-hour heat soaking at 800°C. For boiler cinder aggregate 
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concrete, however, the trend was reversed and the strength for two-
hour heat soaking at 800°C was found to be the higher value. In 1907, 
Woolson 7.52C again carried out further tests from which he confirmed 
that the strength and other properties of gravel aggregate concrete 
were most severely affected when exposed to high temperature. Accord-
ing to Woolson, gravel aggregate concrete suffered the highest loss 
of strength due to its structural instability at high temperature caused 
by the relatively large coefficient of thermal expansion of quartz in its 
aggregate. However, he failed to consider also the effect of a to trans-
formation of the quartz at 575°C which now is considered to be more 
responsible for excessive deterioration in quartz gravel aggregate concrete 
at elevated temperatures. 
In 1920 Lea 	as part of a wider investigation, performed 
tests on the effect of high temperature on the compressive strength of 
concrete (see Table 7.3). His results show that up to 300°C the crushing 
strength of the concrete remained virtually constant and was not signif-
icantly affected by temperature rise. Above 300°C, there was pronounced 
reduction in strength. The results further show that: 
concrete specimens tested hot were stronger than those tested 
in the residual condition by about 12%; 
for concrete specimens which were heated to any temperature 
level above 430°C for that temperature to be held constant 
for one-hour and two-hour durations, the residual strength 
after the longer dwell duration was lower than that obtained 
after the shorter one by about 10%; 
The duration of heat soaking period had a damaging effect 
on the compressive strength of concrete as suggested by 
Woolson 752; 
The cracks produced in the heated concrete were more pro-
nounced in the specimens in the residual condition. 
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Lea and Stradling 75 in their studies on the effect of temperature 
on concrete mortar in 1922 observed that their specimens showed more 
extensive cracking and deteriorated further during their storage period 
after cooling (see Table 7.3). This observation was similar to that of 
Woolson 7,52  in his studies in 1905. They attributed the extra cracks 
and greater deterioration of the concrete specimens in the residual con-
dition to an expansion in volume of the concrete mortar. When the con-
crete was heated to about 400°C, calcium oxide was formed and this 
reacted with the moisture present in the atmosphere to form calcium 
hydroxide (Ca(OH) 2 ). The formation of Ca(OH) 2 in the concrete mortar 
c2 
resulted involume increase or expansion of the concrete and thereby 
the formation of more cracks and further reduction in the strength of 
the concrete. The explanation suggested for the further deterioration 
that occurred in the concrete in the residual condition was corroborated 
by the work of Dou gill 75  in 1961. He also suggested that this behaviour 
was due (in addition to the above reason) to swelling caused by re-
absorption of moisture. Dou gill's analysis further showed that there 
could eventually be some recovery of strength after prolonged exposure 
in humid conditions (Figure 7.8c). 
During the year 1930, Grn and Beckmann 7 investigated the 
influence of different types of cement and aggregate, duration of heating 
and cooling method on the effect temperature has on compressive strength 
of concrete (see Table 7.3). Their results indicated that the compres-
sive strength of concrete made with pozzolana cement was less affected 
by heating and performed better than concrete made with ordinary 
Portland cement. The pozzolana cement concrete showed an initial 
increase in strength for temperature rises up to 300°C above which 
the strength suffered drastic reduction in value. The results showed 
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also that the compressive strength was greatly influenced by the aggreg-
ate type, especially at high temperature level. Concrete of blast-furnace 
slag was found to stand up well to heating compared with concrete 
made of either limestone or gravel aggregate. The gravel aggregate 
of high quartz content showed the worst results. They observed further 
that the influence of time of heating on strength normally occurred 
after the first two hours of heat soaking and that thereafter the heat 
soaking time had no appreciable effect on the strength. They found 
that sudden cooling of the specimens in water adversely affected the 
compressive strength and caused more deterioration due to additional 
stresses induced in the concrete by thermal shock. The results showed 
additionally that concrete with basalt aggregate was the least affected 
by temperature whilst concrete with quartz aggregate was the worst 
affected. Gi1es 755 in 1939 found from his studies on high alumina cement 
concrete that the uniaxial compressive strength of concrete, which had 
been heated to a temperature level of 550°C, was not much affected by 
the heat soaking time. This contradicted results obtained from parallel 
experiments by Grn et al. 7+1  Giles deduced that for temperature 
levels above 250°C, the compressive strength of concrete was independ-
ent of the original strength at ambient temperature.- This, according to 
Giles, was because at higher temperatures the strength was more affected 
by the expansion in the concrete than by the dehydration of the cement 
paste. 
Between 1953 and 1957, Harada et al. 7.20  studied the effect of 
elevated temperature on a number of properties of concrete among which 
was the compressive strength during and after heating (see Table 7.3). 
In addition to the parameters listed in Table 7.3, the heating 
of specimens to specified temperatures and testing when cooled and 
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stored for some period of time in humid air was carried out. Their 
results showed generally that the strength of concrete was reduced 
during and after heating to high temperatures. The strength of the 
concrete - original as well as the subsequent variations engendered 
by exposure to temperature increase - was influenced by both the type 
of aggegate and cement used. Concrete made with pumice aggregate 
suffered the least loss in strength whilst the silica aggregate concrete 
showed the most severe loss of strength. The high alumina cement _concrete 
with silica aggregate showed more severe loss of strength compared 
with normal Portland cement concrete. The results showed further 
that, if specimens were heated for short periods of time and then cooled 
to be left standing for some time to cure naturally in open air, specimen 
strengths were restored to some degree over the curing period (Figure 
7.8c). For concrete specimens heated to temperature levels below 300°C, 
the residual strengths were not less than 80% of their originals and 
each recoverable strength was almost the same as its original after a 
period of about 12 months. The recovery of residual strengths of speci-
mens, which were allowed to cure naturally in air for a period of time 
after heating, was explained by Dou gill 58  and Akhtaruzzaman 756 respec-
tively to be due to resumed hydration of the dehydrated cement paste 
during the post-heating curing period. Such a recovery of strength 
has also been observed by Weigler and Fischer 732  and is a major factor 
influencing reinstatement of concrete structures after a fire. 
Maihotra 7,  in in 1956, carried out an extensive series of investiga-
tions into the effect of high temperature on concrete (Table 7.3). The 
test variables included aggregate-cement ratio, water-cement ratio, 
and test conditions wherein some of the specimens were tested hot while 
others were tested after being cooled down to ambient temperature. 
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Some of the specimens were also subjected to design loading during 
the heating process and were tested to failure once the test temperature 
was attained. The results (Figure 7.8d) showed generally a decrease 
in strength with temperature increase, a trend similar to that showed 
by the results of Harada et al. 7.20: Maihotra drew the following important 
conclusions from the results. Variations in water-cement ratio did 
not have any significant effect on the compressive strength of concrete 
exposed to high temperature. The aggegate-cement ratio, however, 
has significant effect on the strength of concrete when exposed to 
high temperature. The lean mixes suffered less reduction in strength 
than the richer mixes (Figure 7.8d). The explanation for this could 
be due to greater shrinkage or thermal strains produced in the richer 
mix with higher cement paste content. Greater strengths were obtained 
if the specimens were tested hot. The residual strengths showed 20% 
more reduction in value than the hot strengths ag temperature rose. 
Dougill 75  suggested that this could be due to increases in thermal 
strain arising in the cement paste during the cooling period promoting 
further damage and loss of strength. Greater strengths were also 
obtained if the specimens were maintained under loading during the 
heating process. According to Malhotra the restrained concrete showed 
greater strength than the unrestrained concrete because the applied 
loading inhibited formation of cracks within the concrete. Maihotra 
suggested that a change in concrete colour could also be a good indication 
of the maximum temperature level attained. 
In 1960 Dou gill 72  carried out an investigation into the effect of 
high temperature on the residual compressive strength of concrete 
(Table 7.3). The results obtained showed an initial increase in strength 
up to a temperature level of 2009C above which a drastic reduction in 
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strength occurred (Figure 7.8b). According to Dougill, depending 
on the moisture condition at the start of the test, a small increase in 
temperature may cause either an increase or decrease in strength. 
The reduction in concrete strength was noted by Dougill who ascribed 
it to the creation of internal stresses in the concrete by differential 
thermally induced movements within the aggregates and the cement 
matrix. He submitted that the reduction in concrete strength could be 
proportional to the irreversible strain component of the cement paste 
relative to that of the aggregate. The results showed further that the 
specimens suffered higher loss in strength during the post cooling period. 
The rate of loss of strength increased with number of days the specimens 
were stored in a humid atmosphere during the post cooling period (Figure 
7.8c). Dougill attributed this further weakening in concrete strength 
in the post cooling period to absorption of moisture - by the cement 
paste - which could result in volume expansion. This would cause the 
exacerbation of heat induced cracking. There could be some degree 
of rehydration in these cooled specimens heated previously to a temper-
ature level which had caused hydrated compounds to decompose. The 
strength gain from rehydration would diminish the strength loss from 
volume expansion and at some stage could exceed it (see Figure 7.8c). 
During the year 1960 Zoldners 757 also examined - among other 
properties of concrete - the effect of high temperature on compressive 
and flexural strengths of concrete prepared from different types of 
aggregates. The results showed an initial drop in compressive strength 
at about 100°C, followed by a gain in strength up to between about 
200 and 300°C. Subsequently the strength decreased gradually at first 
and then dropped more rapidly at about 500°C. The limestone aggregate 
concrete exhibited no gain in strength. Zoldners 757 explained that the 
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gain in strength, after 100°C, was caused by heat stimulated /activated 
hydration of cement gel due to loss of physically absorbed water. The 
extent of the alterations that occurred in the strength of the concrete 
and the temperature at which these changes occurred were influenced 
greatly by the aggregate type used in the concrete; this trend confirmed 
similar results obtained by Harada et al. 7,20 . The results further showed 
that the effect of temperature increase on the residual flexural strength 
was more pronounced than on the compressive strength. 
In 1964 Hannant 758  studied the effect of heat on concrete strength 
for temperatures up to 150°C. The test variables were sealing (using 
copper foil) and unsealing of specimens against moisture loss during 
heating (Table 7.3). The results established that the effects of exposure 
to heat on the strength of concrete depended upon the moisture content 
of the specimens at the time of heating and testing for crushing strength. 
In general the concrete strength deteriorated with temperature increase. 
The degree of deterioration was considerably worse if the moisture 
in the concrete was retained during heating and/or testing. According 
to Hannant, in some cases if the water was allowed to evaporate during 
the test, there could virtually be no reduction in strength. The dif-
ference between the two test results was ascribed by Hannant to the 
differences in moisture content at the time when crushing took place. 
Similar observations on the effect of moisture content on the crushing 
strength of cubes have been made by Lankard et al. 
In 1965 Wierig 73  investigated variations of compressive and tensile 
strengths of concrete at elevated temperature (Table 7.3). His results 
indicated that for certain types of concrete, an initial increase in compres-
sive strength occurred with temperature rise up to about 300°C (Figure 
7.8e) . Above 300°C, the strength reduced in value and at 400°C, the 
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reduction became more rapid with further heating. The tensile strength 
of the concrete showed initial loss in magnitude which became more 
pronounced above 300°C. The percentage loss in tensile strength was 
greater than for the compressive strength. Wierig explained that the 
initial increase of strength of certain types of concrete on heating was 
caused by additional hydration of the cement gel brought about by 
heating. 
Weigler and Fischer 732 , between 1964 and 1968, presented papers 
which dealt with studies they had carried out on the influence of high 
temperature on strength and deformations of concrete (Table 7.3). 
The parameters examined were different test temperature levels, duration 
of heat soaking at each temperature level, moisture content of the speci-
mens, type of loading on specimen during heating and the temperature 
of specimens when tested. From the results obtained Weigler and Fischer 
drew the following conclusions: 
The residual strength of concrete, immediately after cooling, 
is reduced in value by about 20% even for temperature levels 
below 300°C. 
The type of aggregate used influenced the loss in strength 
with quartz aggregate concrete showing the greatest loss. 
Specimens stored after cooling (i.e. prior to being tested) in 
air at room temperature, suffered additional loss of strength. 
The maximum decrease occurred in the first three days. 
Specimens stored under water after cooling before testing 
regained part of its lost strength. This form of recovery was 
similar to that observed by Harada et al. 7.20 except that the 
specimens of Harada et al. were instead cured in air after 
cooling. 
Specimens stressed during the thermal treatment, lost less in 
strength compared with the unstressed specimens. 
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(vi) Concrete made with blast-furnace Portland cement retained 
a slightly greater proportion of its original strength which 
was more than that of ordinary Portland cement concrete. 
Similar result was observed by Grün and Beckmann 71 
In 1966, Furumura 729  investigated the stress-strain characteristics 
of concrete at high temperature under uniaxial compression (Table 7.3). 
His results showed that the compressive strength of concrete remained 
virtually constant with temperature rise below 300°C. The strength, 
however, was drastically reduced above 300°C. This initial behaviour 
of concrete strength was similar to that observed by Wierig 73 in his 
investigations. 
7. 5. 2. 2 Lightweight concreteS 
For lightweight concrete the earliest important comprehensive 
study on the effect of elevated temperature on its strength properties 
was the report published in 1966 by Harmathy and Berndt 731 (Table 7.3). 
The report concerned the investigation of the stress-strain relationship 
in compression of lightweight concrete as well as of hydrated Portland 
cement paste at elevated temperature. The results obtained showed a 
general trend of no significant change in the ultimate compressive strength 
as well as the modulus of elasticity of both materials with temperature 
increase below 200°C. However, above 200°C, the strength and elasticity 
both decreased with increasing temperature. The changes which occurred 
in the strength at high temperaturet levels were more pronounced within 
the cement paste material than within the lightweight concrete material. 
The results for tests on the influence of heating time on strength and 
r 
elasticity were inconclusive for the lightweight concrete due to excessive 
scatter of the data. However, for the hydrated Portland cement paste, 
the results indicated that prolonged heating appeared to reduce the 
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failure strain. Harmathy et al. 7,30 suggested that the reduction in 
the strain at failure could be attributed to the prolonged heating which 
induced formation of additional bonds between certain compounds of 
the cement paste at high temperature level and which resulted in a 
diminution of the plasticity of the cement paste. 
Part of the studies carried out by Harada et al. 7.20  into the effect 
of high temperature on concrete (see Section 7.5.2.1) relate to the 
strength properties of lightweight concrete (Table 7. 3b). 
Generally, the results showed a reduction in compressive strength 
of the lightweight concrete with temperature increase. The initial loss 
in strength with temperature rise up to 200°C differed from the trend 
obtained by Harmathy et al. 530 whose results projected the strength 
over this temperature range as virtually constant. The percentage loss 
in residual strength of the lightweight concrete with pumice aggregate 
was similar to that of dense concrete up to 200°C. Above 200°C, the 
lightweight concrete suffered lesser (minor) loss in strength compared 
with the dense concrete. At 400°C the lightweight concrete retained 
about 80% of its originalstrength whilst the dense concrete retained 
60% of this strength. Harada indicated in his results that the residual 
strength of dense concrete made with siliceous aggregate was restored 
to some degree after some period (days) of post-cooling curing (Figure 
7'.8c). The report, however, failed to mention any such recovery for 
lightweight concrete. However, as suggested by Dou gill 72 , the post-
cooling strength changes are caused by absorption of moisture from 
the atmosphere. Hence the extent of recovery would depend upon 
the degree to which the concrete can absorb moisture from the atmos-
phere during the post-cooling period. The results also showed that the 
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variation of the hot compressive strength of lightweight concrete was 
similar to that observed for its residual compressive strength. 
Following the work of Harmathy and Berndt 7 '30 , another person 
who carried out further major investigations into the effect of elevated 
temperature on the strength properties of lightweight concrete, was 
Abram s 722 in 1968. His studies covered lightweight concrete as well 
as dense concrete (Tables 7.3a,b). The test variables included aggregate 
types and three different test conditions which were: 
specimens heated with stress and tested hot; 
specimens heated without stress and tested hot; 
specimens heated without stress and tested when cooled to 
room temperature. 
The lightweight concrete was prepared from ordinary Portland cement, 
a siliceous sand and lightweight expanded shale aggregate. The dense 
concrete was prepared from ordinary Portland cement and a siliceous 
sand but two coarse aggregate types of gravel and carbonate were 
used. A summary of the results as obtained by Abrams may be listed 
as follows: 
The unstressed residual strength of both the lightweight concrete 
and the dense concrete were reduced in value with temperature 
increase (Figure 7.8f). The loss in strength was, however, 
smaller for the lightweight concrete in comparison with that of 
the dense. A similar result was obtained by Harada et al. 720 
Specimens heated under stress showed greater strengths than 
the unstressed ones, in partic\ilar at the higher temperature 
level (Figures 7.8g & 7.8h). Similar results were obtained by 
Malhotra 74 
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The residual strength was lower than the hot strength (Figure 
7.8g). Similar results were obtained by Malhotra 71 . 
The hot strength (both stressed and unstressed) initially 
increased in value for temperature rises up to 200°C (Figure 
7.8g). The gains were greater for the stressed hot strengths 
than for the corresponding unstressed ones. This initial in-
crease in hot strength conformed to the results of Wierig but 
was contradictory to results obtained for parallel experiments 
by Harada et al. 7.20 . Above 200°C, both hot strengths reduced 
substantially in value with the rate of loss being smaller for 
the stressed hot strength. The trends indicated by the results 
were similar for both lightweight and dense concretes (Figure 
7.8f). 
The results indicated that aggregate type influences the gain 
or loss in strength of a concrete when subjected to high tem-
perature (Figure 7.8f & 7.8i). The change in strength was more 
conspicuous in a siliceous aggregate type of concrete. Similar 
results were obtained by Harada et al. 7.20  and Zo1dners 757 . 
Abrams noted in particular that above 400°C, the strength of 
the siliceous aggregate concrete reduced drastically in value. 
Abrams attributed the sharp drop in value to the c- 3 quartz 
transformation in the aggregate. 
With reference to no-fines concrete, the effect of elevated tem-
perature on the strength properties appears not to have been investi-
gated to date. At the moment no published literature is available. 
Consequently it was decided to study this phenomenon in this work. 
The procedure and results for the investigation are described in Chapter 
8. Among the test variables were: 
the concrete mix proportions; 
alteration (influence) of period of heat soaking times 
of 1 h and 4 h. 
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A test condition suitable for obtaining unstressed residual strength 
was chosen. The specimens were heated at a slow rate of 2 0 C/mm 
and the tests were carried out under uniform temperature distribution 
or steady state temperature conditions. Both these test conditions 
were contrary to the fast rate of heating and transient conditions obtain-
able in a real fire. However, for purposes of comparison as well as 
for reasons stated in Section 10.6.3 and discussions under the bond 
tests in Section 10.6.2, it was decided to adopt the slow rate of heating 
to a steady state temperature condition. A temperature range of 20 to 
800°C, which normally could be experienced during a fire, was adopted 
for the tests. The results are analysed in Chapter 13. 
The importance of the effect which different types of aggregates 
have on the compressive strength of concrete at elevated temperatures 
is shown in Figure 7.8j. 
7. 5. 3 Effect on tensile strength 
7. 5. 3. 1 Tensile strength of concrete 
The tensile strength of concrete when exposed to heating reduces 
fairly rapidly in value with increasing temperature nd could deteriorate 
to less than 50% of its original value above the 300°C temperature level 
7*3 
The behaviour of the tensile strength of concrete appears to be rather 
different from that of the compressive strength 7, 60 . Whereas the com-
pressive strength initially (for temperatures below 300°C) may either 
increase or decrease in value depending upon test condition s 73 , the 
tensile strength is noted to nearly always fall or reduce in value as 
soon as heating commences 70 (Figure 7.8e). 
Harada et at. 7.20  in their extensive investigation of concrete at 
high temperatures studied the effect of elevated temperature on tensile 
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strength of various concretes. Their results indicated that the tensile 
strength suffered immediate and rapid reduction in value. The losses 
were greater in quartz aggregate concrete than in limestone aggregate 
concrete. The percentage reduction was also greater in the tensile 
strength than for the compressive strength of the concrete. According 
to a suggestion made by Lea 	the reduction in strength of concrete, 
when heated, depended more on thermally developed cracks than on 
any reduction in the strength of the cohering materials in the concrete. 
This would mean that the greater reduction in tensile strength could 
have been caused by further deterioration generated by cracks that 
developed from the tensile testing whereas compression tests would 
have reduced the proliferation of cracks and thereby abated the disintegra-
tion of the strength base. Results of tests done by Wierig also showed 
that the strength of concrete suffers great losses in value with tem-
perature rise and that these losses are greater for tensile strength 
than for compressive strength (Figure 7.8e). Wierig stated further 
that the rate of reduction which occurred in the tensile strength of 
concrete was similarly found by French investigators to be greater 
than that which occurred in the compressive strength. Similar results 
were obtained by researchers in Sweden as reported by Abram s 72 . 
Morley' 7 ' also showed in his studies on bond that the tensile strength 
of dense concrete decreased at a greater rate than both the bond and 
compressive strength, particularly above 150°C. 
There appears to be very little literature on studies carried out 
to test the behaviour of tensile strength of lightweight concrete subjected 
to high temperature. The available literature on this appears to be 
the work of Campbell-Allen and Desai 72 who in 1967 tested the influence 
of aggregate on behaviour of concrete at elevated temperature. Three 
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types of aggregates, i.e. lightweight expanded shale clay, fired clay 
brick and limestone, were used. The results showed that concrete 
suffered marked reductions in its strength properties - in particular 
tensile strength. The extent of deterioration was governed by the 
degree of breakdown of bond between the aggregate and the mortar. 
The tensile strength of lightweight concrete (of expanded shale clay 
and fired clay brick) suffered smaller reduction in value compared 
with that of the dense concrete of limestone aggregate. 
For results of indirect tensile splitting tests carried out by the 
author on no-fines concrete, refer to Section 8.7. 
7. 5. 3. 2 Tensile strength of steel 
Generally the strength of steel 72 , when exposed to high temperature 
decreases with increasing temperature but a slight increase may occur 
below 300°C in some instances (Figure 7.9). 
These general effects of heat on steel reinforcement for concrete 
have been dealt with briefly in Section 6.3.5. The loss of strength 
is more significant while the steel is hot as shown in Figure 7.9a. Also 
when steel is heated to a relatively low temperature - i.e. below 400 
to 500°C - it can regain its strength after cooling (Figure 7.9). One 
other important effect of high temperature on steel is that a proportion 
of its yield stress is lost at high temperature, in particular above 500°C 7,7 
(Figure 7.9b). 
Several types of reinforcing steel are used for reinforced concrete 
construction. In Britain three main types are commonly used. These 
can be listed as: 
hot-rolled mild steel bars (BS .4449: 1978); 
hot-rolled high-yield deformed bars (BS.4449: 1978); 
cold-worked high-yield deformed bars or tor bars (BS.4461:1984). 
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For prestressing concrete, the type of steel used is the high tensile 
steel strand (BS. 5896: 1980) while for structural work, structural steel 
(BS.4360: 1979) is commonly used. 
Various studies by a number of researcher s7' 	7.7, 7.33, 7.53, 7.63 
have been carried out on the behaviour of strength properties of re-
inforcing steel at elevated temperatures. The work of the Concrete 
Society on the effect of elevated temperature on strength properties 
of reinforcing bars (Figure 7.9a) was published in 1978. The results 
indicated that the yield strength of hot-rolled and cold-worked bars 
initially increases in value with increasing temperature up to 300°C. 
Above 300°C, these steels begin to lose strength rapidly with the cold- 
worked bar losing the most. The loss of yield strength is more pronounced 
while the steel is hot. Above 600°C, the yield stress of both types 
of steel, if in the hot state, is reduced more than 50% and upon reaching 
800°C, both steels retain less than 20% of their original strength. The 
results also indicated that the residual yield strength of both steels 
remained unchanged below 300°C. The residual yield strength of the 
hot-rolled bar is virtually still complete even at 700°C compared with 
the cold-worked bar which retains less than 70% of its yield strength. 
The yield stress of the hot-rolled bar is thus fully recoverable at 700°C 
whilst the cold-worked bar would have lost part of this strength. How-
ever, for the purposes of reinstatement both steels can be considered 
to recover almost all of their original yield stress when cooled from' 
(heated) temperature levels less than 500°C (Figure 7.9a). 
Wierig 73  in 1963 presented, as part of his studies, 'results for 
tensile tests done on German reinforcing steels at elevated temperatures. 
Conditions for the test were: 
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specimen bars unloaded during heating and tested in 
in the hot state; 
specimen bars unloaded during heating but tested 
when cooled. 
Type of bars tested were from hot-rolled and cold-worked steel. The 
results showed that the hot tensile strength of reinforcing steel initially 
increased slightly in the temperature range of 0 to 200°C after which 
losses occurred. The losses were greater for the cold-worked steel. 
The hot-rolled steels in general recovered their original strengths 
on cooling whereas the cold-worked steels lost some of their strengths. 
These were similar to the results obtained by a Gonçrete Society Working 
Party 	Abram s 72 in 1979 compared the strengths of mild and high 
strength alloy steel bars and cold drawn prestressing wire, and showed 
that the prestressing steel loses strength more rapidly than the others 
when subjected to high temperature. According to Abrams, tests done 
by Anderberg on three German reinforcing steels showed that their 
expansion was nearly linear up to a temperature of 675°C. 
An extensive study of the behaviour of reinforcing and prestressing 
steel at elevated temperatures was carried out on typical British steels 
at the University of Aston, B1iiñ1ñharniby Holmes et a! 7,61  in 1980 
Conditions for the tests included: 
(1) unstressed bar specimen heated to specified temperature and 
tested when hot; 
unstressed bar specimen heated to a specified temperature 
and cooled to room temperature before tensile testing; 
stressed bar specimen heated to a specified temperature and 
tested hot. 
A summary of the results obtained which confirmed those discussed 
above can be given as follows: 
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The hot strength of the reinforcing steel either gains slightly 
or shows no distinctive change in value when heated up to 300°C 
after which the strength suffers drastic reductions with rise 
in temperature. The cold-worked steel suffered greater losses. 
The residual strengths of both hot-rolled and cold-worked steels 
were similar and unchanged in value up to 500°C above which 
the strengths decreased rapidly in value with increasing tem-
perature. The cold-worked steel suffered greater reduction 
in strength. 
The yield stresses of both types of steel indicated increases up 
to 400°C after which losses occurred. The hot-rolled steel 
retained 95% of its value at 700°C compared with 63% retained 
by the cold-worked material. 
The hot-rolled and cold-worked steels both suffered greater 
losses in the yield and ultimate strengths in the residual con-
ditions. 
The residual yield and ultimate strengths suffer permanent losses 
above 500°C. This means that 500°C could be considered the 
critical temperature for which steel may be considered to be capable 
of sustaining a design load in a reinforced concrete construction 
exposed to fire (Figure 7.9b). 
All the reinforcing steels with working load (yield stress / 1.8) 
applied retained their complete. yield stresses and virtually their 
ultimate strengths up to 300°C. 
The strengths suffered slight decreases between 400-500°C and bars 
finally creeping to failure under the working stress at 600°C. A re-
instatement for both types of reinforcing steel in a building which has 
not been irreparab4y/damaged therefore could be considered for temper-
atures below 500°C especially for the hot-rolled steel which recovered 
virtually its full yield stress up to 700°C. 
Some of the other important studies carried out on influence 
of temperature on -strength of reinforcing steels were the works done 
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by Harmathy and Stanzak 733 , Abrams and Cruz 72 , Lea 753 and Skinner 72 . 
Results obtained were similar to those reviewed above. 
For results of studies carried out by the author on the effect 
of elevated temperature on the residual strength of plain and deformed 
reinforcing steel bars, refer to Section 8.7. 
7. 5. 4 Effect  on flexural strength 
The behaviour of a reinforced concrete structure, when subjected 
to elevated temperature, indicates that there is a "deterioration of 
flexural properties" 716 which occurs over a prolonged period of time. 
Lightweight concrete structural elements generally perform better at 
elevated temperatures than elements of dense concrete 
The performance of beams exposed to high temperature in a fire 
has been studied by various researchers 7.10, 7.16, 	 FactorS 7 *16  noted 
to have major influence on the behaviour of beams in fires include the 
following: type of aggregate, type of reinforcement, type of concrete, 
type of restraint at the edges, depth of beam, cover to reinforcement 
and moisture content. From the investigations carried out so far, it 
has been established that the behaviour of a reinforced concrete structure 
which is exposed to high temperatures, depends upon how its concrete 
behaves 5.10 5.56 Concrete structures which are vulnerable to spalling, 
as for example those made of concrete containing natural aggregates 
with high percentage of silica, do not perform so well 7.10 	Lightweight 
concrete structures have been found to have high resistance to spalling 510 . 
Hence such structural elements maintain their integrity in afire, and 
perform better compared with dense concrete components 710 . Malhotra 7 ' ° 
ascribed the high resistance of lightweight concrete to the phenomenon 
of spalling to the presence of air cells in the concrete. Sullivan and 
151 
Labani 76 , on the other hand, suggested that the reason for the better 
performance of lightweight concrete was the presence of a lower value 
of thermal strain in this concrete. 
Studies by- Akhtarruzaman 7.56 have also established that the flexural 
properties of beams, tested under steady state temperature conditions, 
are different from those of beams tested under transient conditions 
of temperature. Beams lose more in flexural strength when they are 
tested at steady state temperature compared with transient (i.e. fire) 
conditions". Other results of Akhtarruzaman's show that the flexural 
strength of reinforced concrete specimens tested under steady state 
conditions suffer gradual reduction in value with rise in temperature 
but that the losses become drastic after 400°C. Notably, specimens 
retain about 80% of their original strength at 400°C and less than 20% 
of the original strength by 600°C. The results indicate also that the 
losses in strength of the beams are virtually independent of the type 
of reinforcement (i.e. hot-rolled or cold-drawn) used. 
Maihotra 710, in 1969, investigated the resistance of structural 
concrete beams to fire. The results show that spalling of dense concrete 
has serious effects on the performance of flexural strength Of reinforced 
concrete structures. Lightweight concrete, however, is not affected 
by spalling and would also provide better insulation to the reinforcement. 
Hence flexural strength of reinforced lightweight concrete would suffer 
a smaller loss and would perform with about 20% improvement compared 
with that of dense concrete. The results show also that reinforced 
concrete beams with plain mild steel suffer smaller deflection than beams 
with hot rolled deformed steel. Beams with cold-worked deformed steel 
suffer the worst deflection. 
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In 1973 Sullivan and Labani 716  performed tests on flexural behav-
iour of plain and reinforced lightweight concrete beams at high tem-
perature. Their results indicated that the flexural strength and rigidity 
of the beams suffered continuous reduction in value with rise in tem-
perature. The reinforced beam was found to perform better than the 
un-reinforced beam. Lightweight concrete reinforced beams were found 
to perform better than dense ones. The flexural rigidity of the reinforced 
concrete beams reduced dramatically to 50% of the original at 100°C; 
thereafter the loss in rigidity was gradual. The performance of the 
lightweight concrete elements at steady state temperatures appeared 
to be affected by the loss in moisture and the amount of thermal strain 
induced; as each quantity increased with temperature there was an 
associated deterioration in the load-deformation behaviour of the beams. 
Recent studies by Khan 7 ' established that the residual flexural 
rigidity of beams decreases with temperature increase. The rate of 
deterioration increases up to a maximum at 500°C after which it decreases. 
The effective overall depth of a beam reduces during its exposure to 
heating and slender beams are more vulnerable in this respect. Beams 
which were heated above 600°C suffered drastic reductions in stiffness 
due to c- transformations in the quartz aggregate at 575°C. Beams 
that were singly reinforced suffered greater losses in flexural strength 
than doubly reinforced beams. 
It has also been noted from previous studies carried out by some 
researchers that flexural members, when subjected to high temperature 
due to fire, tend to suffer thermal expansion at the bottom fibres and 
that this results in their downward reflection 	For a continuous 
structure, a redistribution of moments has been observed to lead to 
development of failure cracks. Robertson and Ryan 7.56, round about 
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1959, suggested that structural failure of beams could occur at the 
point where the central deflection reached L 2 /800 h, where L and h 
were the span and effective depth respectively. 
No study appears to have been made yet of the effect of high 
temperature on flexural properties of no-fines concrete reinforced beams 
However, on the basis of the insulating value of the concrete and also 
the presence of air cells or voids -in it, the flexural behaviour might 
be assumed to be similar to that of lightweight concrete as shown above. 
7. 5. 5 Effect on shear strength 
Very little information is available on the behaviour of shear 
strength of concrete beams at high temperature. A report on work 
done by Gustaferro 7  provided some information. He proposed that 
exposing a continuous concrete beam to high temperature could cause 
severe shear failures, particularly in the vicinity of the first interior 
support. He suggested that consideration should be given to providing 
additional shear capacity in regions where high shear forces could 
be anticipated. 
A report by a Joint Committee of the Concrete Society and the 
Institution of Structural Engineers London" provides more information 
on how to account for the flexural effect of shear in design of beams. 
7. 5. 6 Effect on bond strength 
A reinforced concrete (r.c.) structural element can only function 
satisfactorily if there is complete bond between the reinforcing steel 
and the concrete 	The sustaining of bond in an r.c. structure 
is possible because concrete and steel expand and contract at very 
similar rates under ambient conditions. However, under changing 
thermal conditions such as occur during heating, differential thermal 
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strains may arise and consequently lead to probable failure in bond 7.4  °' 	. 
Hence the effect of high temperature on bond is of major importance. 
This is particularly so for the safety of a building in a fire since the 
transmission of internal forces in an r.c. structure is regulated and 
maintained by bond. 
The existing knowledge on the behaviour of bond due to elevated 
temperature indicates that its behaviour is similar to that of compressive 
strength and that generally the bond strength 7•51  tends to decrease in 
value with rise in temperature particularly above 300°C (Figure 9.10). 
Certain factors are also noted to influence the behaviour of bond strength 
at high temperatures. Some of these factors may be listed as the tem-
perature level, the test procedure, the type and shape of reinforcing 
steel and type of concrete. 
The tests on bond at high temperature are carried out normally 
under two different conditions, namely the hot state and the cooled. 
The value of bond in the hot state provides information for forecasting 
the behaviour of the concrete structure during a fire, whilst the residual 
bond value allows for appraising the capacity of the structure after 
a fire 7*3 
Data on residual bond strength of concrete at high temperature 
is provided by various investigations 7.51 including those carried out 
by Harada et al. 7.20  as well as Kasami et al. 
76  . The results show 
that the residual bond strength of dense concrete decreases significantly 
with increasing temperature and that by 300°C less than 60% of its 
original value is retained (Figure 9.10). 
Results of bond tests done by Diederich and Schneider 	using 
different reinforcing steels presented some of the first recorded facts 
about the behaviour of bond in the hot state, i.e. at elevated temperature. 
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A summary of the results may be listed as: 
the change in bond strength conformed to the same pattern 
as occurred with the compressive strength in the hot state; 
deformed bars retain twice as much bond strength as plain 
bars at 400°C; 
plain bars with rusted surfaces suffer smaller losses than 
those with smooth surfaces; 
the critical concrete temperatures (strengths) are always 
higher than the critical bond temperatures. 
The effect of elevated temperature on bond strength of concrete 
(including lightweight concrete) is considered in greater detail in Chapter 
9. Similarly, results of an extensive study of the behaviour of bond 
in reinforced no-fines concrete at elevated temperatures carried out by 
the author are reported in Chapter 10. 
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CHAPTER 8 
EXPERIMENTAL INVESTIGATION 3: 
THE EFFECTS OF ELEVATED TEMPERATURES ON THE PROPERTIES 
(PHYSICAL AND STRUCTURAL) OF NO-FINES CONCRETE 
8. 1 Introduction 
Fire endurance is influenced by the material properties of the 
structural elements. According to Uddin et al. 8.1  and Malhotra 82 the 
strength-temperature characteristics of concrete greatly influence its 
resistance to collapse in fire. The design of concrete building elements 
for fire resistance, therefore, depends upon knowledge of the behaviour 
of the material in the components over the temperature range 20 to 1000°C 
normally experienced in a fire hazard. Furthermore, it is essential 
to have established knowledge of the variation of residual strength of 
concrete subjected to different temperatures if it is to be reinstated after 
fire. 
A great deal of information is available on the influence of tem-
perature on the material properties of dense concrete and reinforcing 
steel, which have been well investigated by many workers as already 
discussed in Chapter 7. However, for no-fines concrete, there appears 
to be only limited published literature providing any information regard-
ing the influence of elevated temperature on its properties. The lack 
of data on these properties, therefore, places limitations on design 
choices - even restricting design itself - of this type of concrete struc-
ture for fire endurance and could reduce the probability of any reinstate-
ment of such structures after a fire. 
The objectives of the experimental investigation described in this 
chapter are two-fold: 
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(1) 	To study the effects of high temperature (i.e. rising tem- 
perature) on physical and strength properties of no-fines 
concrete. 
(ii) To provide some data or information necessary for fire endur-
ance design of no-fines concrete structures, for estimating 
their residual strength after a fire and for deciding upon 
their possible reinstatement. 
Among the parameters investigated are the following. 




residual compressive strength under unloaded conditions 
residual tensile strength. 
(b) Effect of heat soaking on strength. 
(c) Effect of mix proportions on strength. 
(d) Effect of rising temperature on reinforcing steel bars. 
The experimental limitation was that it was only possible to test 
for the condition wherein the specimens were heated to a given tem-
perature, allowed to saturate for some hours, then allowed to cool before 
being tested to find the residual strength after cooling. Thus all the 
forementioned studies were made within this limitation. 
8.2 Test specimens 
The experimental work was undertaken on 150 mm cubes and 
150 mm diameter by 300 mm high cylinder'Specimens. For each temperature 
level, six cube and four cylinder specimens were prepared for testing. 
The cubic specimens were for the crushing strength tests and the 
cylindrical specimens for tensile splitting tests. A total of 144 cubic 
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specimens and 96 cylindrical specimens were prepared for testing. 
The specimens for the tensile tests were the same specimens which 
had been used for the bond pull-out tests described in Chapter 10. 
The tensile splitting tests were therefore performed after the bond 
pull-out tests had been completed(see Section 13 4 6 D J 
The temperature range for the tests was varied from 20 to 800°C 
at 100°C intervals except that 700°C was omitted. 
For each temperature level, additional three cubes were prepared 
and tested at ambient or room temperature as a quality control measure. 
For the reinforcing steel tensile strength tests, 24 number 12 mm 
diameter deformed bars and 24 number 12 mm plain bars were prepared 
for testing. The characteristics of the bars are given in Section 3.4. 
For each level of temperature, three numbers of either bar were prepared 
for testing. 
8.3 Test materials and mix proportions 
The materials for the no-fines concrete were ordinary Portland 
cement which was stored in a bin in the laboratory and crushed whin-
stone aggregate of 20 mm single size. The aggregate used was washed, 
dried in an oven and then stored in steel bins in the laboratory. The 
quality of the aggregates is discussed in Section 3.3. 
The mix proportions for the concrete were 1 : 8 and 1 10 by 
weight respectively. The proportions of materials for casting the speci-
mens are shown in Table 8.1. 
8.4 Preparation and curing of specimens 	- 
The procedure(s) for the preparation and initial curing of specimens 
was the same as described in Section 3.5. 
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After initial curing, the specimens were left to cure further in 
air in the laboratory - under a temperature range of 18 to 22°C and 
relative humidity 55 to 70% - for about 12 months by which time they 
would have developed a greater proportion of their full strength and 
also attained a uniform and steady moisture content. 
8.5 Test apparatus 
8. 5. 1 Test furnace 
A small electric furnace which was designed to provide temperatures 
up to 1000°C was used for heating the specimens. The external dimen-
sions of the furnace were 1400 mm in length, 650 mm in width and 550 mm 
in height. The clear internal dimensions were 1000 mm by 250 mm by 
300 mm (see Figure 8.1a). 
The furnace was provided with a Eurotherm Temperature Controller 
Type 027 - a device which could control and provide a linear rate of 
temperature rise. A Eurotherm Type 125 temperature Programmer was 
also provided in conjunction with the temperature controller. 
The furnace was supported on a steel frame structure built for 
it as shown in Figure 8. lb. 
A full description of the furnace has been given elsewhere 8.3  for 
similar tests on dense concrete specimens. 
8. 5.2 Thermocouples 
The thermocouple wires used for monitoring the temperature 
were of a chromel/alumel type. Each thermocouple was prepared from 
alloy wires "Tl" and "T2 11 , each of 0.376 mm dia. The junction of the 
wires was welded to provide a rigid joint. 
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The furnace temperature was monitored by a thermocouple 
positioned at mid-height in the furnace. The specimen temperature 
was monitored by means of thermocouples which were cast into the 
centre points of the specimens. 
A thermocouple connected from the electric furnace to the 
Eurotherm Temperature Controller and thence to the Programmer enabled 
the operator to control the temperature during the heating cycle. 
The thermocouples were calibrated using melting ice and boiling 
water. 
8. 5.3 Recordinci instrument 
The thermocouple signals were recorded using a solartron 
Schiumberger Data Compact Logger Type 3430 with 30 channels. The 
sensitivity of the recorder was 0.3 0 C for the chromel/alumel thermo-
couple wire. 
The recording instrument was calibrated using melting ice and 
boiling water. 
8.6 Test procedure 
8. 6. 1 Heating of specimens 
Each batch of test specimens (6 cubes and 4 cylinders) was heated 
at a rate of 2 0 C /min up to the programmed maximum temperature level 
which was held constant for 4 hours in order to provide heat soaking or 
saturation. On completion of the heating cycle, the furnace was switched 
off and its lid was removed to air-cool the specimens. 
The 4 hour heat soaking or temperature dwell was decided upon 
after preliminary tests. For the preliminary tests, 1 hour heat soaking 
was adopted'*'. The extra 3 hours heat soaking period helped to provide 
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a uniform temperature distribution in the specimens to overcome tem-
perature gradients anticipated from preliminary testsigs.8.6&10.8mi). 
8.6. 2 Rate (intensity) of heating 
In order to simulate a uniform temperature distribution around 
the specimens in the heating furnace to be close enough to that obtainable 
in a fire, a heating rate of 2 0C /min was adopted. In spite of the heating 
rate being much less fierce than recommended for a standard fire. 8-7 
(Figure 8. lc) - the curve for the furnace temperature was similar in 
shape to that of a standard fire curve 87 . 
A fast rate of heating was avoided 84 so as to eliminate the probable 
large or steep temperature gradient which could develop in the specimens. 
From tests done by other researchers 85 , it was noted that a high or 
steep temperature gradient in the specimen could result in damage in 
the form of concrete spalling. Unlike the fire tests on structural compon-
ents, the rate of heating for temperature tests on properties of concrete 
materials tends to be slower 84 . Another reason for adopting the 2 0 C/mm 
rate of heating was to conform to the same intensity of heating as previously 
used for similar tests on dense concrete specimens 83 86 for comparison 
purposes. 
8. 6. 3 Testing of specimens 
After a 24 hour cooling period, the cooked specimens were removed 
from the furnace. Each specimen was weighed and then tested for 
the uniaxial residual strength in a 2000 KN capacity Denison Hydraulic 
Testing Machine. 
A tensile test was carried out on the steel reinforcing bars after 
the heating and the bond pull-out tests were completed (see Chapter 10). 
The apparatus and procedure for the tests are described in Section 3.4. 
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8.7 Test results 
The colour change observed in the cooked specimens - for dif-
ferent levels of temperature - after they were cooled to room temperature 
are as shown in Figure 8.2a. Up to 300°C, there was no relative colour 
change; between 300-600°C a slight change of light (i.e. not easily 
detectable) grey colour was observed; between 600-800°C the colour 
change was whitish grey (Table 8.2). 
Results showing variations in the no-fines concrete maximum 
(unstressed) residual compressive strength with respect to temperature 
are shown in Figure 8.2a. The compressive strength showed a slight 
increase for heating up to about 100°C. Between 100-300°C, there 
was a slight decrease in strength. At 300°C the strength was about 
90% of its ambient temperature strength. Above 300°C there was a 
gradual drop in strength. Around 600°C there was a sharp drop again 
in the compressive strength. At 800°C only about 20% of the original 
strength was retained. 
The percentage reduction in strength for the richer 1 : 8 cement 
to aggregate mix was greater than for the 1 : 10 leaner cement to aggregate 
mix as shown in Figure 8.2a. 
Figure 8.2b shows the residual tensile strength curves obtained. 
It can be seen that the tensile strength decreased at a greater rate than 
the compressive strength. The concrete showed a deterioration in 
its tensile strength with increasing temperature. Up to 200°C the drop 
in tensile strength was gradual and small. Above 200 0c, the drop 
in strength was sharp and around 300°C the residual tensile strength 
was about 55%. Between 300-500°C the drop in strength was gradual 
again. Above 500°C there was another sharp drop. At 800°C the tensile 
strength was about 10-15% of the original. 
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From 600 to 800°C, the cooked specimens showed evidence of 
hair line cracks which were more pronounced at 800°C. Some of the 
specimens heated to 800°C crumbled easily when handled. 
Figure 8.3 shows the relationship between loss in weight of the 
cooked specimens and temperature variation. It can be seen that the 
concrete lost weight at all temperatures. Between 100-300°C there 
was a vigorous loss of water from the specimens. The rate of loss in 
weight reduced to a gradual pace between 300-600°C. Above 600°C, 
a sharp increase in loss of water occurred although the greatest loss 
in weight occurred between 100-300°C. 
The percentage loss in weight of the 1: 8 cement to aggregate 
mix concrete specimens was greater than that of the 1 10 mix specimens. 
The cylindrical specimens with a greater height/width ratio showed 
a higher percentage rate of loss of water than the cubic specimens. 
Results indicating the effect of heat soaking at different levels 
of temperature on the specimens are shown in Figure 8.4. Up to 200°C, 
specimens, which were given 4 hours of heat-soaking time or temperature 
dwell after the normal heating time to reach the test temperature, showed 
greater percentage loss of strength. Between 200-300°C the difference 
in strength was minimal. Above 300°C, a greater percentage reduction 
in strength occurred, this time in the specimens provided with 1 hour 
heat soaking. 
Results for the steel tensile strength tests on the reinforcing 
bars which had been cooked at different levels of temperature are shown 
in Table 8.3 and Figure 8.5. The effects of heat treatment on the 
plain and deformed bars are shown in Figures 8.5a and 8.5b respectively. 
The results show that the residual properties of the plain and deformed 
bars were not much affected by the heat treatment below 600°C. On 
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the other hand above that level the strength characteristics of the 
cold worked deformed bars and the plain ones were reduced by the 
heating cycle, the former more than the latter (see Figure 8.5c). 
Figures 8.5a and 8.5b show typical curves plotted for the stress-strain 
relationship of the reinforcing steels heated to various temperatures 
and tested on cooling. The strength decreased after 600°C, and the 
rate of decrease was greater for the deformed reinforcing steel bar, 
than the plain bar. 
The effect of heating on the bulk density of the concrete specimens 
is shown in Figure 8.2a. There was a continuous minor decrease in 
density with rise in temperature. At 300°C about 4% of the original 
density at 20°C was lost. The rate of loss remained virtually constant 
up to 600°C. Above 600°C, the rate of loss increased slightly in value 
and by 800°C the percentage loss in density was about 6%. The reduction 
in density of the heated no-fines concrete specimens, was greater for 
the 1: 8 mix proportion. 
A typical temperature distribution inside the no-fines concrete 
specimen heated up to 800°C furnace temperature, is shown in Figure 8.6. 
The curves show that for a cover of 37.5 mm, the temperature rise 
within the concrete at mid section of the cylindrical specimen after 2 
hours was about 150°C, and the temperature gradient was about 3.20°C! 
mm, with the exterior hotter than the interior. The rate of temperature 
rise inside the concrete was about 1.00°C/mm. An examination of the 
results indicated that the rise of temperature within a no-fines concrete 
specimen appears to be at a low rate. This illustrates further that 
at some point within the concrete, the temperature could be adequately 
low to allow reinstatement. 
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Throughout the tests, the no-fines concrete specimens appeared 
to show no sign of spalling or damage for temperatures below 600°C. 
Above 600°C, however, minute hairline cracks appeared in the concrete. 
8.8 Summary 
An experimental investigation was carried out to study the effect 
of high temperature on certain physical and structural properties of 
no-fines concrete. The objective of the investigation was to determine 
the parameters and data which could assist the following: 
Design for fire resistance of no-fines concrete structural 
elements. 
Establish the basis for the probable reinstatement of fire-
darpaged no-fines concrete structures. 
The data obtained from the tests establish the following factors for 
the no-fines concrete when heated to high temperatures: 
The relative colour change in the concrete was from a light 
grey to whitish grey above 600°C. 
Thermally- induced cracks occurred within the concrete at 
600°C and became critical at 800°C. 
The unstressed residual compressive strength of the concrete 
decreased with increasing temperature. The compressive 
strength was affected very little by the temperature up to 
100°C. The concrete retained more than 80% of its residual 
compressive strength below 300°C. The strength reduced 
rapidly above 300°C, with about 80% lost at 800°C. 
The tensile strength of the concrete in a residual condition 
deteriorated much more than the compressive strength under 
the effect of temperature increase. 
The greater proportion of moisture was lost by 300°C. 
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The cement : aggregate ratio had a significant effect on the 
strength of the concrete when exposed to high temperatures. 
The loss in strength was greater for the richer mixes. 
The residual yield stress and ultimate strength of both the 
mild steel and deformed bar were not affected by temper-
ature increase up to 600°C. Both types of steel retained 
more than 70% of their strength at 800°C. 
The plain mild steel bar lost about 20% of its strength at 
800°C whilst the deformed bar lost about 30% of its ultimate 
strength at 800°C. The rate of loss of strength was more 
rapid in the deformed bar above 600°C. 
The bulk density of the concrete reduced in value with 
increase in temperature. The significant changes in density 
occurred at 100°C, 300°C, 600°C and 800°C where the 
density was 99%, 97%, 96% and 94% respectively of the value 
at 20°C for the 1 : 8 mix proportion. The greatest percentage 
reduction in density occurred at 800°C. The rate of reduc-
tion in density was lower for the lean 1: 10 mix. 
The no-fines concrete, when exposed to high temperatures of 
up to 300°C, was capable of being reinstated. 
The deterioration in strength of the heated concrete was in-
fluenced by the heat-soaking period at the maximum test tem-
perature. The 4 hour heat soaking caused greater percentage 
reduction in strength below 300°C. Above 300°C, the trend 
was reversed with the 1 hour heat soaking generating the 
greater loss. 
As a prelude to the experimental investigation, a brief review of the 
effect of heat on certain properties of concrete was attempted (see 
Chapter 7). The review established that the structural performance of 
concrete subjected to high temperatures depends upon the properties 
inherent in its constituent materials. 
One other structural property governing the performance of 
reinforced concrete is the bond strength at the interface between the 




BOND STRENGTH OF REINFORCED CONCRETE AT 
AMBIENT AND ELEVATED TEMPERATURES 
9. 1 Introduction 
The increased use of reinforced concrete as a constructional 
material and the desire for greater economy and efficiency in its use 
call for better understanding of its behaviour. These requirements 
have brought about greater awareness of the importance of bond between 
concrete and steel. Within the past few years, much effort has been 
put into research to determine the data on bond characteristics between 
many different types of concrete and reinforcement under different 
test conditions 9198• 
Earlier attempts to use as much reinforced lightweight concrete 
as dense concrete did not catch on because the former has relatively 
low strength and poor bond quality . Hence much of the effort devoted 
to the study of bond has been concentrated on dense concrete 
However, the increasing use of lightweight concrete for housing and 
in multi-storey structures 911 , partly for economic reasons and partly 
because of its reduced weight and good thermal properties, led to more 
studies on its bond behaviour 912, 913 
No-fines concrete, which is a form of lightweight concrete, is 
much used in housing for wall construction - either as loadbearing 
or partitioning walls 9 ' 3 . It is also used as in-flif material in multi- 
storey reinforced concrete frameworks 911 . As pointed out recently 91 , 
large openings for doors and windows in such walls are spanned usually 
by reinforced dense concrete lintels. The practice of using a pre-cast 
beam to span openings in no-fines concrete walls developed from the 
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poor performance in bond of the concrete. However, the need for 
increased economy that might accrue from using reinforced monolithic 
no-fines concrete walls, initiated critical examination of the behaviour 
of no-fines concrete at ambient temperature9 915 Also there existed 
serious deficiencies in knowledge about the response to fire or heating 
of the bond properties of the concrete. Investigations carried out 
so far have not provided all the data on bond properties normally required 
for design of reinforced no-fines concrete structures especially for 
their fire safety. 
Consequently, it was decided to provide some information on bond 
properties pertaining to this concrete at ambient and elevated temperatures. 
However, there arose a need for appropriate tests of the type which 
existed for dense concrete and it was decided to base test procedures 
on these established criteria 92 
This chapter proceeds with a review of the work done so far 
on bond behaviour for normal concrete in general at ambient and elevated 
temperatures. Knowledge of the laid down standards (criteria) for 
testing for bond properties in dense concrete obtained from this review 
may then serve as guidelines for experimental procedures (test programme) 
for the tests envisaged on no-fines concrete. 
The actual experimental investigation on bond between no-fines 
concrete and reinforcement at ambient and elevated temperatures is 
described in Chapter 10. 
9.2 Bond at ambient temperature 
9. 2. 1 General 
Reinforced concrete construction is based on the assumption 
that there is a perfect bond or connection between concrete and the 
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reinforcing steel bar 9 ' 6 . The function of bond is considered to provide 
the means or force that holds the constituent materials (concrete and 
steel) together so that they can develop simultaneous re-action when 
under external action. Without bond between concrete and steel, re-
inforced concrete would lose its capability and utility as a composite 
material. Hence, to maintain the composite behaviour of reinforced 
concrete as well as its capability for resisting flexural stresses, the 
reinforcing steel bar has to bond to the surrounding concrete. 
The nature of bond, in effect, can be considered as a longitudinal 
shearing force acting on the contact surface between the reinforcing 
steel bar and the concrete 917• It is bond that determines the cracking 
behaviour of a reinforced concrete member, its deflection and the anchor-
age of the reinforcing steel. 
Since bond between steel and concrete is such an important factor, 
many fact finding studies have been made to study its behaviour and 
absolute value for various types of concrete and steel at ambient tern-
perature 919 . The objective in this section is to review the present 
knowledge of bond behaviour between various types of concrete and 
reinforcing steels at room temperature. The sequence is as follows. 
The phenomenon of bond and its development is examined. 
The concept of anchorage and local bond stresses are 
analysed. 
(C) The effects of various factors that influence bond are 
recounted. 
The nature of and routes to bond failure are studied 
together with the development of cracks around tension 
bars. 
The results of bond tests carried out by various investi-
gators on several types of concrete and steel reinforce-
ments are presented. 
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(f) The state of the art for creating bond between no-fines 
concrete and steel reinforcement is considered. 
9. 2.2 The mechanism of bond 
The mechanism of bond or the means of stress transfer between 
a reinforcing steel bar and concrete is composed of three principal 
elements. These elements of bond are: 
adhesion bond; 
frictional bond; and 
mechanical anchorage bond. 
These forms of bond act more in sequence than in unison, but 
can exist simultaneously at a given location at certain stages in the 
loading process 9.17 Their identity as well as their magnitude depend 
upon the type of steel in use. Bond of plain bars depends mainly on 
the first two elements. 
9.2.2. 1 Adhesion bond 
Adhesion, in this context, describes the tendency of concrete 
to stick to the reinforcing steel bar mainly due to spontaneous inter-
molecular attraction of their contact surfaces. This type of bond is 
developed by both plain and deformed bars. 
The relative movement between the steel bar and concrete is 
termed the "slip" of the bar. When slip is very small, i.e. less than 
0.001 mm (limiting bond), the bond which is provided is termed the 
adhesion bond 918 
Adhesion bond strength for dense concrete is considered to be 
about 4% of the crushing strength of the concrete (0.04 ecu) 918• Studies 
made by Mikhailov on the other hand (as reported by Watstein and 
Bresler 919 ) showed that the adhesion bond between plain bars and. dense 
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concrete (which is of no significance in resisting bond slip of a bar) 
is about 0.50 to 0.70 MN/M 2  and account for 25 to 30% of the total bond 
strength. The bond strength of plain bars is, therefore, due mainly to 
that of frictional resistance which accounts for 70 to 75% of the total bond 
resisting force. 
9. 2. 2. 2 Frictional resistance bond 
As tensile force in a reinforcing bar increases and slip occurs, 
bond stress increases to the limit of the adhesion bond. The additional 
bond which is provided thereafter evolves out of the frictional resistance 
between the steel bar and the concrete (as well as mechanical bond 
in the case of deformed bars). The frictional resistance bond occurs 
in both plain and deformed bars, and is produced by interlocking of 
the irregularities on the surface of the reinforcing steel and the concrete 920 . 
For both plain and deformed bars, the concrete cement gel fills the rust 
pittings and unevenness of the external steel surface (Figure 9.1) 9 '20 . 
Fresh concrete shrinks upon setting and, therefore, exerts pres-
sure on steel bars. This shrinkage pressure improves the frictional 
resisting bond of the bars. 
Bond test results obtained by Mikhailov 9 ' 9 showed that frictional 
resistance bond accounts for 70 to 75% of the total bond resistance 
for plain bars. 
9. 2. 2. 3 Mechanical (anchor) bond 
For deformed steel bars, extra bond is provided in addition to 
both adhesion and friction. This extra bond is termed mechanical or 
anchor bond and is produced by locking provided by the projections 
from the bar surface which bear on the concrete (Figure 9.2). The 
strength of the mechanical bond depends on the bearing strength of the 
172 
concrete against the lugs as well as on the shear strength of the concrete 
relative to that of the lugs (Figure 9.2). 
9. 2. 3 Types of bond stress 
Bond stress is the name given to the shear force per unit of 
nominal surface area of a reinforcing steel bar. The concept of bond 
is developed under two main headings - namely that which underlies 
anchorage of reinforcement and that which leads to flexural strength. 
Thus bond stresses between concrete and steel bars are classified 919 as, 
anchorage bond stress, and 
flexural bond stress, referred to usually as 
local bond stress. 
For design purposes, the check for bond between concrete and 
reinforcing steel bars is carried out within these two categories. 
9. 2.3. 1 The anchorage bond stress 
For a reinforcing steel bar which is embedded in concrete not 
to be pulled out of the concrete (Figure 9.3a), it has to be anchored 
firmly. Anéhorage, which also may refer to the actual piece of extended 
embedded steel, denOtes the hold obtained by the extension of the 
reinforcing steel bar which is embedded at adequate distances within 
the concrete to prevent the forces which may be acting on the steel 
from pulling or pushing it out. 
Anchorage bond stress, therefore, provides that hold whereby 
ends of steel bars are fixed firmly in concrete. The anchorage depends 
upon the attraction between the concrete and steel as well as the surface 
area of contact or the anchorage length, c,. The anchorage or bond 
length is th amount of embedment required to provide against pull-out 
or push-out. 
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The anchorage bond stress (Figure 9.3a) is given by the ex-
pression: 
anchorage force 	 P 
a 	(9.1) 
	
ba 	(bar surface contact area) 	Eo X Q 
where P 	force in bar 
= sum of the perimeters of bars 
= anchorage length (or development length) 
The anchorage bond stress, for design purposes, is termed the 
average bond stress (where bond stress is assumed constant) over the 
bar embedment length. 
The CEB /FIB 9.21 international recommendation for design of an-
chorage bond stress is that enough anchorage (i.e. bar length) be 
provided such that the ultimate limit state is not attained prematurely. 
Similar recommendation is given in CP. 110 9.16 
The ultimate anchorage bond stresses that may be used in design 
for both plain and deformed bars are given in CP.110 for dense concrete. 
The maximum bond stress 9.22  together with the bond anchorage 
length vary with the type and strength of concrete as shown in values 
given in CP. 11O:Part 1:1972, Cl. 3.11.6.2, Table 22. 
For lightweight aggregate concrete of Grade 15 and above 96 , 
the CP.110 recommendation for the limiting bond stresses may be deter-
mined from values given for dense concrete modified by reduction factors 922 
For example, in this connection CP.110, Cl. 3.12.11 specifies that design 
anchorage bond stresses should be not greater than 50% of that of dense 
concrete for mild steel bars (plain), but 80% where deformed bars are 
in use. For lightweight concrete of strength less than Grade 15 (includ-
ing no-fines concrete) no such information is provided. 
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The ACI 318-1983 Code '*" , has discontinued with the concept 
of bond. Instead bond or bar resistance due to anchorage is defined 
in terms of development length. For lightweight concrete, the ACI 
Code specifies an increase of the development length by 18% for the 
sanded type of lightweight concrete and by 33% for the rest 
9. 2. 3. 2 Local bond stress 
This type of bond occurs in a beam or wall at all intermediate 
parts of the reinforcing steel bar (Figure 9.3b). The tensile force 
acting along a reinforcing steel bar in a reinforced concrete beam varies 
directly with the magnitude of the bending moment along the beam. 
For equilibrium, any change in tension of the bar must be balanced 
by the bond between the bar and concrete. Hence local or flexural 
bond stress is that bond required at each section along the length of 
the bar in the beam in order that the steel and concrete may act together 923 . 
The distinction that is made between local and anchorage bond 
stresses is that the local bond stress is the bond that results from the 
rate of change of the force in the reinforcing steel at the section of the 
beam under consideration. On the other hand, anchorage bond stress 
is that bond required to guarantee that the reinforcement can develop 
this forementioned necessary force 	(see Figure 9.3 a,b). 
The local bond stress (obs)  at any section of a beam can be ex-
pressed as 9,16: 
abs = 
	V 	 . . .( 9.2) 
o x Z 
where 	V = vertical shear force 
Eo = the sum of the effective perimeters of bars 
of tensile steel 
Z = lever arm. 
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In the design of a flexural member, the flexural bond developed 
by the tensile reinforcement in the ultimate limit state is considered 
satisfactory if the shear force is equal to the bond resistance of all 
the bars of which the reinforcement in a particular (narrow) section 
is composed. 
In the design of a reinforced concrete member, consideration 
of the local bond stress involves application of equation(9.2). The local 
bond stress as determined above should not exceed the allowable ultimate 
local bond stress. CP.110 916 has provided recommended maximum local 
bond stresses for dense concrete. The discussion on design bond 
stresses for lightweight concrete (including no-fines concrete) as stated 
for anchorage bond stresses (Section 9. 2. 3. 1) also applies to the design 
local bond stresses of lightweight concrete. 
The CEB /FIB 921 recommendation (for international use) to satisfy 
local bond stress is that bond slip should be controlled to prevent exces-
sive wide cracks for the serviceability limit states. 
The anchorage bond stress is found from tests to be greater 
than the local or flexural values 919 , perhaps resulting from the nature 
of the pull-out test (see Section 9. 2. 4. 1. 1). However, the values of 
the design ultimate local bond stresses and the ultimate anchorage stresses 
stated for dense concrete in CP. 110 show higher permissible limits for 
the former 922 . 
9. 2.4 Previous studies on bond strenqth of concrete at ambient 
temperature 
9. 2.4. 1 Development of bond test methods 
The bond strength between a reinforcing steel bar and concrete 
prevents the steel bar from slipping inside the concrete. In order to 
be able to assess bond behaviour and its effect on cracking of flexural 
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members in structures, information on the absolute magnitude and dis-
tribution of bond stresses along an embedment length is required. 
Various experimental methods have been developed to measure 
the strength of bond between concrete and steel 9 '20 . The basic approach 
has been to measure resistance of a bar embedded in the concrete to 
slipping when it is pulled or pushed out or, when beams are subjected 
to bending 9 ' 25 . The various experiments undertaken over the years 
to determine bond strength have used either the pull-out or beam tests 9,20 
Some of these methods are sketched in Figure 9.4. 
However, it has been found that none of these methods reproduce 
accurately the actual conditions (i.e. the bond behaviour including 
other types of stresses and deformations) that are likely to be present 
in a flexural member under loading 9'6' 9.13.  Therefore such bond tests 
are used more as efficiency indicators or qualitative assessments of 
bond behaviour for various types of steel bars. The pull-out test 
is adopted as standard in the United Kingdom 9-16  and the beam test as 
such in the United States of America 9' 2 ' 9 '13 . 
9. 2.4. 1. 1 Bond pull-out test method 
Traditionally, the bond strengths of different types of reinforc-
ing steel embedded in concrete of different strengths have been deter-
mined by pull-out test methods (Figure 9.4a,b). 
Basically, the pull-out test procedure involves embedding a re-
inforcing steel bar in a rectangular or cylindrical concrete block. The 
force required to pull or push out the rod is measured together with 
the relative movement (i.e. the slip) between the concrete and steel bar. 
The type of bond associated with this test method is the anchorage 
bond. The average bond stress is calculated by using equation (9.1). 
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Slip of the bar relative to the concrete is measured either at 
the loaded end or free end. The pull-out test results are found to 
be generally greater than bond strengths that are developed in flexural 
bond 919 . This is because in pull-out tests the surrounding concrete, 
which is in compression checks the tendency to fail by splitting whilst 
flexural bond failures involve splitting in the tensile zone of the con-
crete beam. 	 - 
The weakness of the pull-out test approach is that the steel bars 
are pulled from the surrounding concrete in such a way that transverse 
compression is induced also against the bars 920 . Hence in this test, 
any tension cracks across the bar tend to be eliminated by compression 
in the adjacent concrete 942, 947 The transverse compression has an 
increasing effect on the bond strength results obtained. Consequently 
the bond strength, as determined by this test approach, is not considered 
indicative of typical situations encountered in reinforced concrete 
structures 9.20 
Various modifications of the pull-out tests (affecting and giving 
rise to the label tensile pull-out specimens) 	have been proposed 
(see Figure 9.4c,d,e). These modifications are aimed at eliminating 
the transverse compression that occurs in the pull-out test method. 
Nevertheless, pull-out tests are considered normally satisfactory when 
used for measuring the relative bond values of different types of re-
inforcing steel bars 919•  It is also the CP. 110 recommended method for 
bond tests. 
9. 2. 4. 1. 2 Bond beam test method 
The bond beam 97 test method (Figure 9.4k) is intended to provide 
more reliable results which represent the actual bond behaviour in 
a reinforced concrete structure, i.e. with the test bar and the surrounding 
concrete both subjected to stresses of the same sign. 
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The bond test beams are designed usually to allow for the measure-
ment of the average value of bond stress and the slip at critical sections 
of beams, i.e. at both the loaded and free ends of that portion of the 
bar between the supports and load points 919 . The beam is designed 
also such that it does not fail (by compression of the concrete or through 
diagonal tension) before the bond characteristics of the bar are examined 9 . 
The flexural or local bond stress from the bond beam test is 
derived from equation (9. 2). 
The major factors that affect the bond values determined by 
beam tests are shear forces and the resulting diagonal cracks, concrete 
cover, and longitudinal splitting cracks due to dowel action 9.20•  To 
eliminate some of these factors, other forms of test beam arrangements 
such as shown in Figure 9.4f have been proposed. 
A detailed guide for the determination of bond strength in beam 
specimens is provided by an ACI Committee 408 report 926 . 
9. 2. 4. 1. 3 Bond stress-slip relationship 
The reactions of bond that are developed between concrete and 
steel (and any consequent slip) as examined by bond pull-out tests 
are represented normally as a load-deformation relationship 9.18•  The 
load in this instance represents the bond stress whilst the deformation 
stands for the slip. The load depicting bond is considered to be the 
bond force per unit area of bar surface. The deformation is the relative 
movement or slip between the bar and surrounding concrete. Slip of 
the bar in a test is measured either at the free end or loaded end of 
the bar 922 . 
The bond stress-slip relationship is found useful in assessing 
the behaviour of various types of steel in relation to different quality 
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concretes. The relationship also enables the characteristics of bond 
and slip for different bar types embedded in concrete to be assessed 
and compared. 
The bond-slip curves obtained normally from bond tests show 
two stages of slip development 9' 927, 9.28 First, a minor slip occurs 
and corresponds to the breakdown of adhesion bond. The second stage 
shows large slip development when frictional resistance is brought 
into play fully and mechanical anchorage is disrupted 96 . 
9. 2. Li.  1. 4 Bond stress distribution 
From experimental tests, the bond stress distribution along an 
embedment length is found to be non-uniform9" 9.17 As results of 
pull-out tests made by Ferguson "' show, the bond distribution varies 
as slip develops from the loaded end to the free end. Whilst a small 
additional load might cause a small slip but develop a high bond stress 
near the loaded end of the test specimen, this could leave the unloaded 
end free from bond stress and slip. By the time slip reaches the unloaded 
end, maximum bond stress could have occurred somewhere along the 
embedment length. Hence the bond stresses are considered very high 
near the loaded end and the intensity varies towards zero at the free 
end. 
The bond distribution is found to depend upon the type of steel 
bar used. The magnitude of the bond strength, as determined by 
tests, is always expressed as an average value. The bond strength, 
according to Bil1ig 9 , is a function of the embedment length, the dimen- 
sions of the surrounding concrete block and the diameter of the reinforc-
ing steel bar. 
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The major difficulty of the bond test is that the bond stress 
cannot be measured directly. Tests carried out to study the bond 
stress distribution were by means of measuring the steel strain and 
then the steel stress at different points along the steel bar. Various 
methods adopted to determine the strain in the steel bar are mentioned 
in reports by Morley 9-29  and Watstein 9 . 
To overcome the problem of bond stress variation along an embed-
ment length, Rehm 96 proposed the use of a short embedment length 
(of say 16 mm) for the bond pull-out tests. Watstein and Bresler 99 
also found from their investigations that shorter bond specimens provide 
nearly uniform bond stress distribution of magnitudes which approach 
ultimate values. The short length bond pull-out specimens were adopted 
by other investigators including Morley 9.29,  Khan 9.30,  Edwards and 
Yannopoulos 9.31 
There is no mention in literature of use of small bond lengths 
for bond tests wherein the effective contact area had been reduced 
either by pores in the concrete (e.g. as in no-fines concrete) around 
the bars or cavities created below bars cast in horizontal position.. 
Adopting short bond lengths for bond test specimens might give a better 
chance of reaching local bond situations. However, in instances wherein 
the effective contact area could be reduced (either by construction 
process or due to the porous nature of the concrete), this might bring 
about false average bond stresses which could be greater than the 
real maxima. This is borne out by the work of Windisch 932 which sug-
gested that a very short embedment length is sensitive to the errors 
due to manufacture. Use of a small bond length for the bond test of 
concrete with pores such as in no-fines concrete are not recommended. 
For such situations, the long length bond specimens may be more effec-
tive to induce the real behaviour of the bond at the interface. 
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9. 2. 4. 2 Nature of bond failure 
Standard bond tests (pull-out and beam) indicate that bond failure 
between concrete and steel bars normally occurs either by pulling out 
or splitting of the concrete surrounding the bar 9 " 	The nature 
of the bond failure, however, depends upon the types of bond, the 
type of concrete and reinforcing steel bar under consideration. 
9. 2.4. 2. 1 Anchorage bond failure 
(1) Plain bars: The failure of anchorage bond between a plain steel 
bar and normal concrete occurs when the bar is pulled completely 
out of the concrete. The mode of failure indicated by bond pull-out 
tests 9 ' 7 ' 9 ' 9 is that the bar first starts to slip when the adhesion bond 
is overcome. Bond failure is complete when the frictional resistance 
is also overcome and the bar pulls out of its encased concrete leaving 
a hole in the concrete (specimen). The phase covering breakdown of 
the frictional bond resistance is marked by large slips of the bar. 
According to Short and Kinniburgh 913 , the anchorage bond failure 
occurs as a result of disintegration of the concrete along the bar length 
due to shear. 
(ii) Deformed bars: The mode of failure of anchorage bond between 
a deformed bar and normal concrete is nearly always a splitting 
failure 9.12 Pull-out tests indicate that the concrete splits longitudinally 
into two or more segments due to the wedging action of the bar lugs 
against the concrete 9.19 (Figure 9.5a). The splitting normally occurs 
along the surface nearest the reinforcement bar (Figure 9.5b). Accord-
ing to Watstein and Bresler 919 , the splitting usually develops in the 
concrete before the free end of the bar begins to slip. 
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For both plain and deformed bars, bond failure by pull-out may 
not occur where adequate embedment length or anchorage length is 
provided in the concrete. However, a failure in this instance could 
occur by a fracture at the loaded end of the bar. 
The mode of failure of anchorage bond between lightweight con-
cretes (including no-fines concrete) and reinforcing steel bars (both 
plain and deformed) is the complete pulling out of the bar from the 
concrete (specimen)9'3' 91 (Figure 9.5c). The deformed bar, never-
theless, develops large slips before it is completely pulled out. It has 
been observed that splitting bond failures also occur between deformed 
bars and certain lightweight concretes ' *" . 
9. 2. /i. 2. 2 Local bond failures 
(i) Plain bars: The mode of local bond failure between dense concrete 
and plain mild steel bars is characterised by excessive slippage 
of the bars. Comparatively few bond beam tests have been carried out 
to determine the local bond or flexural bond of plain bars. Instead, 
most of the bond tests have been made on pull-out specimens which 
largely measure anchorage bond strengths. One of the few bond beam 
tests on plain bars was carried out by Mikhailov - as reported by Watstein 
and Bresler 919 . His results confirm that the cause of failure of local 
bond stress for plain bars is the successive breakdown of adhesion 
and frictional resistance bonds just as occurs for anchorage bond. A 
pull-out test to determine local bond stress for plain bars was carried 
out by Edwards and Yannopoulos 931 . Their results indicated that 
the local bond between dense concrete and a plain bar failed by pulling 
out of the bar from the concrete block with no splitting occurring in 
the concrete. 
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Hence the actual cause of local bond failure for a plain bar is 
shear crack-up in the concrete along the length of the bar surface 
(as already stated for anchorage failure in Section 9. 2. 4. 2. 1) without 
any damage externally to the surrounding concrete. 
(ii) Deformed bars: The collapse of local bond stress for deformed 
bars evolves along the same pattern as described for that of 
anchorage bond for such -bars (Section 9. 2.4. 2. 1). The lugs of the 
bar usually detach from the concrete due to a loosening of their bearing 
against the concrete. The result is that slipping occurs between the 
reinforcement bar and concrete leading to split up of the concrete cover 918 
(Figure 9.5b) 
Oragun, Jirsa and Breen 9,33  from their studies proposed a failure 
hypothesis to explain the cause of bond splitting failure of a deformed 
bar. According to their hypothesis, the action of splitting originates 
from a stress condition analogous with a concrete cylinder surrounding 
the reinforcing steel bar (Figure 9.6a). The ring of tension surrounding 
the bar is acted upon by the outward radial components (Figure 9.6b) 
of the bearing forces from the bar. The tensile strength of this concrete 
cylinder thus determines the strength against splitting. Regan 9-18  states 
that resistance to splitting depends upon the strength of the concrete 
as well as on the thickness of cover provided to the bar. Work by 
Losberg and 01sson 934 on bond failure of deformed bars showed that 
the splitting failure is influenced by the shape of the bar surface deforma-
tions, the concrete tensile strength and thickness of concrete cover. 
Watstein and Bresler 919 established from their studies that the bond 
strength of deformed bars varies directly as the tensile splitting strength 
of the concrete but inversely as the bar diameter. Fergusson and 
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Thompsons' 95 contribution established that the splitting failure is in-
fluenced by the concrete strength and cover. 
The mode of local bond failure between a deformed bar and light-
weight concrete is a bond slip failure similar to the mode of failure 
of a plain bar. According to an ACI Committee 408 report 912 , the bond 
failure occurs when the lugs of the bar crush and shear the concrete 
(Figure 9.5c). Fergusson 9 ' 2 stated that while in dense concrete the 
bond failure is due to a splitting action involving tensile failure in 
this concrete, for the lightweight concrete, the bond failure is due 
to slipping without any split in that concrete. 
This mode of bond slip failure for deformed bars in lightweight 
concrete was reported also by Short and Kinniburgh 9 ' 3 . They explained 
that the bond failure could be caused by crushing of the concrete at 
the bar/concrete interface followed by direct shearing of the concrete 
along the surface of the bar (Figure 9. 5c).. According to Short and 
Kinniburgh, where ribbed deformed bars are covered with cement coating, 
the space between the ribs becomes filled with protective material. 
Because failure occurs due to shear in the concrete along the bar and 
the effectiveness of the deformations on the bar surface is reduced, 
use of this type of bar - with a thick cement coating instead of plain 
bar may be of little advantage 	. 
9. 2.4. 2.3 Development of internal cracks around a tension bar - 
To obtain a clear understanding of the behaviour of bond of 
tensile steel bars, various studies (Lutz and Gergely 97 , Orangun et 
al. 	Goto 935 ) were carried out into the mechanisms of interaction 
(between bar and concrete) that leads to the development of cracking 
in the concrete surrounding the bar.-. 
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Lutz and Gergely 9 ' 7 , from their studies of mechanisms of bond 
and slip of deformed bars in concrete (beams), concluded that before 
slip and cracking occur, tension exists on the interface between the 
bar and the concrete. The interfacial tensile stress surrounding the 
steel bar is the result of the larger Poissonts ratio of the steel as corn-
pared with that of concrete (i.e. nominally 0.3 compared with 0. 2, 
respectively). Shrinkage of the concrete on drying, however, causes 
interfacial compressive stresses which tend to neutralise the tensile 
stresses before any cracks are developed. 
Park and Paulay 9 ' 2° indicated that the stresses in the concrete 
surrounding the deformed bar cause cracks and deformations of the 
concrete as shown in Figures 9.5b and 9.6b. The bond stresses (ab) 
transmitted to the concrete subjects the concrete around the bar to 
eccentric tension. The deformations of the concrete caused by the 
stresses tend to pull the concrete away from the steel especially near 
a crack in theconcrete if one exists or occurs (Figure 9.5b). 
Studies by Broms and Lutz 9 ' 36 on internal cracking due to bond 
stresses established the existence of radial cracks originating at the 
steel concrete interface. 
Bresler and Bertero 937 also showed that loads create principal 
tensile stresses at the steel-concrete interface to emerge inclined to 
the longitudinal axis. 
Experimental studies by Goto 9 ' 35 indicated the existence of internal 
radial crack patterns around the bar at the bond interface (Figure 9.7). 
Park and Paulay 9 ' 2° considered the stresses acting between two 
ribs of a deformed bar in their study of the failure mechanisms at the 
ribs of deformed bars. The bond strength developed between the ribs 
(Figure 9.2) creates the following stresses: 
 Shear stresses (obd) due to adhesion bond. 
 Shear stresses (0c5) 	- acting on the cylindrical concrete 
surface between adjacent ribs. 
Bearing (normal) 	- acting against the face of the ribs. 
stresses (ocn) 
Two types of failure mechanism are associated with the ribs of 
deformed bars as shown in Figure 9.5. These are splitting and pull-
out failures. Where the concrete at the steel-concrete interface is 
affected by a porous layer (of lightweight concrete for example), the 
ultimate bond strength may be reduced and lead to bond failure in 
shear (Figure 9.5c), then the bar will pull out. This effect was confirmed 
through studies made by Welch and Patten'*". The ACI Code 912 requires 
that lightweight concrete be provided with 40% extra development length 
in order to provide against the weakness in bond. 
From his studies, Goto 935 explained splitting bond failure of 
deformed bars as follows: The movement of the bar is considered to 
be opposed by struts acting on the ribs within the concrete (Figure 9.7). 
The outer ends of these force struts are balanced by a hoop 
tension acting inside the concrete surrounding the bar. Splitting bond 
failure for the deformed bar, therefore, occurs when the above-mentioned 
hoop tension exceeds the tensile strength of the concrete. As soon as 
the hoop tensile stresses built around the bar exceed the tensile strength 
of the concrete, longitudinal cracking develops inside the concrete 
cover above the bar. 
9. 2.4. 3 Factors influencinq bond strength at room temperature 
The bond strength between concrete and steel bars depends 
upon the strength of its constituents. Therefore, the performance of 
bond depends upon the influence that diverse changeable factors involving 
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the contact layers of concrete and steel have on the constituents. Among 
the factors 9.13, 9.39, 9+0 the following important variables are considered: 
(1) concrete strength, 
steel bar surface texture, 





casting position (position of bar during concreting). 
(i) 	Concrete strength: The interrelation between concrete strength 
and bond strength has been investigated by several researchers 913, 939 
for both dense and lightweight concrete. The bond strength is liable 
to increase with improved compressive strength in both types of concrete 
but the relationship is not noted to be linear 9 ' 3 . However, for higher 
strengths of concrete the increase in bond strength becomes progressively 
smaller and eventually negligible 987 . Some of the factors which affect 
the strength of concrete are also noted to influence bond strength. 
Factors such as type of aggregate, compaction of the concrete, the 
quality and composition of the concrete matrix or cement mortar and 
age of the concrete all influence bond strength. Studies by Faber 
and Mead 9 ' show that concrete mix has great influence on bond strength. 
Rich mixes are considered to have greater adhesion than leaner ones. 
Rich mixes, with greater water content, also produce higher shrinkage 
and, consequently, better frictional resistance. However, an excessively,  
wet and sloppy mix is to be avoided since the tensile and shear strengths 
of such concrete are reduced. Experiments carried out in Russia by 
Murashev, Sigalov and Baikov 925 suggested also that the bond strength 
is influenced by the adhesive properties of the cement paste, the shrinkage 
effect of the concrete and the resistance of the concrete to shear failure 
(arising from the surface roughness of steel). Also, they corroborated 
the finding that the bond strength increases with an increase in cement 
content with corresponding lower water-cement ratio. They showed 
further that the bond strength of ordinary concrete is almost equal 
to the shear resistance of the concrete. 
For plain bars with a slip bond failure mode, the bond strength 
depends very much upon the quality and composition of the cement 
paste since its bond components are mostly adhesion and frictional 
resistance. For deformed bars, the bond strength depends upon the 
tensile strength of the concrete since its bond failure is by tensile 
splitting of the concrete. 
Steel type and diameter 913' 	Whatever the concrete, the 
type of steel bar or the surface texture of the bar is noted to 
influence the bond strength. Bars with ribbed deformations on the 
surface are noted to be more effective in increasing bond strength. 
Plain bars with surface rust are noted to produce higher bond strength 
than the smooth ones 92 . Also, bond strength is noted to decrease 
with increasing bar size 939 . For lightweight concrete, the effect of 
bar diameter on bond strength of plain bars was found to be not very 
great 9.13 
Concrete cover: Bond strength increases with increasing concrete 
cover. Tests performed by Tepfers9'3' 1,44  indicated that for 
deformed bars, the magnitude of the bond strength is influenced by 
the concrete cover. The effect of the thickness of the concrete cover 
upon the bond capacity also depends upon the tensile strength of the 
concrete for both dense and lightweight concretes 9 . According to 
:• 
Faber and Mead 9 ' reinforced concrete develops cracks radial to a 
bar that happens to be too close to the surface of the concrete which 
then fails along the bars circumference as it shrinks to grip the bar. 
Hence CP.110cl.3.11.2 916 specifies that cover of a bar should not be 
less than its diameter. 
Anchorage length: Bond stresses are noted to be distributed 
unevenly along the anchorage length of the bar 925 . However, 
the average bond stress at failure, whose derivation is based upon 
the surface area of the bar (equation 9.1), would depend upon the 
anchorage length and is found to decrease with increase in embedment 
length 91 . In the ultimate bond condition, a bar of short length is 
observed to produce an average ultimate bond stress which is greater 
than that of a bar of longer embedment. Henceshort bond lengih is 
now recommended for pull-out tests 96 . The reduction in average bond 
stress that occurs with increasing anchorage length is noted to be 
smaller in lightweight concrete compared with dense. According to 
observations made by Short and Kinniburgh 9 ' 3 , a slight increase in 
average bond stress of lightweight concrete may occur if the embedment 
length is greater than forty (40) times the bar diameter. The slight 
increase is explained as being caused by cavities forming around the 
bar. 
Position of bar during casting (concreting): The position of 
the embedded bars during casting of concrete is observed to 
have considerable influence on the bond strength for most types of 
concrete - in particular for lightweight concrete 9.13, 9.39 It has been 
observed that irregular cavities (due to sedimentation) form beneath 
horizontally placed bars for both dense and lightweight concretes. 
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The formation of cavities leads to loss of contact between the bar and 
concrete with the result that bond strength is reduced 913 . Fergusson 912 
reported that the loss of bond strength due to cavitation is of the order 
of 10 to 20% for bars cast in the top position. The explanation is that 
cavitation creates a porous layer of concrete around the bar 95 . Welch 
and Patten 938 studied this effect and their results confirmed the profound 
effect that cavitation has on bond. 
(vi) Transverse steel: The provision of transverse steel is noted 
to lead to an increase in the bond strength 92, 9.15, 9.40 
9. 2.4. 4 The bond strength of reinforced concrete at ambient temperature 
9. 2.4. 4. 1 Bond strength of reinforced dense concrete 
As a result of the importance bond has in reinforced concrete 
construction, extensive research has been carried out by various 
researchers to study the behaviour of bond strength of dense concrete 
at ambient or room temperatures 	The investigations covered 
the various factors that affect bond as discussed in this section with 
particular attention to concretes made with different aggregates and 
steel of various kinds. 
Comparisons between the various results become difficult because 
of the variety of test conditions, experimental methods and testing 
standards adopted by the different researchers. The situation is further 
complicated by the fact that the phenomenon of bond tends to be complex 
in operation and now none of the test methods is considered efficient 
enough to reproduce exactly the natural characteristics of bond behaviour 
in a flexural member, in particular where deformed steel bars are in 
use 919 Hence bond test results tend to be applied rather in qualitative 
terms, i.e. for comparison of bond of concretes of different strengths 
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or steel bars of different types. Therefore codes of practice, for design 
purposes, are not based on particular experimental bond test results, 
and permissible stresses for bond are instead related generally to the 
concrete cube crushing strengths 913• 
One recent work undertaken to provide data on bond strength 
of dense concrete at ambient temperature was the work of Edwards 
and Yannopoulos 931 . They carried out bond pull-out tests to determine 
the local bond stress-slip relationship for 16 mm diameter deformed 
and plain steel bars. A short bond length of 38 mm was used for all 
the pull-out specimens with 28 days average cube crushing strength 
of 43.4 MN /m 2 . The following conclusions were drawn from their results: 
(1) The average bond stress between deformed bar and normal 
concrete was in the range between '7.7 and 11.6 MN/M2. 
The average bond stress between the plain bar and the 
concrete was from 3.7 to 4.7 MN/M2. 
The bond strength developed by the deformed bars was 35 
to 50% higher than those of the plain bars. 
Results similar to the above were obtained also by Morley 9.29• 
Tables 9.1 to 9.3 show results of other researchers. 
9. 2.4. 4. 2 Bond strength of reinforced lightweight concrete 
Research devoted to the study of bond behaviour in reinforced 
lightweight concrete has been limited, compared with work on dense 
concrete. The investigations that have been carried out appear to 
have been confined mostly to concrete strengths not less than 15 MN/rn 2 , 
i.e. structural lightweight concrete of strength similar to that of dense 
Concrete 9 10, 9.12, 9.13 9 9.19 
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The data available on bond of lightweight concrete appear conflict-
ing and can be considered in two groups. The results of one group 
indicated that the bond of lightweight concrete is similar or equal to 
that of dense concrete with the same strength 912 ' 9 ' 9 . The results 
of the other group indicated that the bond of lightweight concrete is 
lower than that of dense concrete 910 ' 913 . It should be said, however, 
that these bond investigations were carried out under different conditions 
with different experimental methods and adherence to different codes 
of practice. 
In Britain, investigations into the bond strength of reinforced 
lightweight concrete were carried out at the Building Research Station 
with pull-out and beam specimens. The tests were performed for both 
plain and deformed bars with dense and lightweight concretes of equal 
strength for purposes of comparison. The results obtained indicated 
that with plain bars, the bond strengths determined by pull-out tests 
were generally lower for the lightweight concrete than for the dense 
concrete. For the bond strength of plain bars determined by beam 
tests, the ultimate bond strength in lightweight concrete was 50 to 70% 
lower than that in the denser material. The results of the bond tests 
obtained for the deformed steel bars indicated, however, that the bond 
strengths in both lightweight and dense concretes were the same for 
equal compressive strengths. It was noted that specimens which were 
cast with the steel bars held horizontally showed lower bond strengths 
as opposed to those made with vertically held bars. The reduction 
in bond strength for horizontally cast specimens was more critical for 
the lightweight concrete 9 ' 3 . Also, bond pull-out tests performed by 
Baldwin 910  revealed that lightweight concrete has lower bond values 
than dense concrete. However, earlier bond beam tests made by Petersen 910 
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as well as by Shideler 93 with deformed bars showed that for equal 
compressive strengths, the bond strengths of lightweight and dense 
concretes were similar. 
The British and American standards take note of the lower value 
of bond for lightweight concrete by recommending a reduction of the 
limiting bond strengths for design purposes. The British Standard 
CP. 110: 19729.16  specifies a reduction of design bond stresses by 50% 
in case of plain bars and 20% for deformed bars, when used with light- 
weight aggregate concrete. The ACI Code 9.12  recommends a 33% increase 
in development length of deformed bars used in lightweight aggregate 
concrete. 	- 
Short and Kinniburgh 913 provided the only available data on 
bond strength of lightweight concrete of strength less than 15 MN /m 2 . 
The report stated that bond tests done by Schäffler and Short respec-
tively on reinforced aerated concrete with plain bars showed that, 
for cube strengths of about 3.5 to 10.0 MN/rn 2 , the average bond 
strengths for aerated concrete varies from 0.7 to 2.5 MN/M 2  with the 
results showing considerable scatter. 
9. 2. 4. 4. 3 Bond strength of reinforced no-fines concrete 
The use of no-fines concrete for structural frameworks that com-
prise columns, beams or suspended floor slabs, i.e. in structural elements 
where resistance to bending is required, has been considered impractical, 
uneconomic and hence inappropriate. The limiting factor for not using 
this material for the above listed members has been its relatively low 
compressive and flexural strengths, very poor bond performance and 
the risk of probable corrosion of the reinforcing steel bars 9 ' 3 . The 
most important and useful structural application of the concrete has 
been as material in loadbearing walls. Openings in these walls were, 
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in the past, provided usually with reinforced precast dense concrete 
lintels or steel section beams (lintels) 96 . However, the practice of 
reinforcing no-fines concrete to span door and window openings up 
to 1.5 m has been used for some time, and in Scotland the Scottish 
Special Housing Association (SSHA) 9 '1  spanned openings up to .2.0-m in 
this manner 9'3'96' 	. The practice in Russia also has been to span 
openings up to 2.5 m where no large concentrated loads act on the 
lintels 96 
There has been very limited research devoted to the study of 
the bond behaviour between no-fines concrete and steel reinforcements 9 'J+ 8 . 
Most of the few investigations carried out were undertaken mainly on 
pull-out specimens (see Table 9. 1). In recent years, there has been 
an extensive use of the material for housing and this instigated further 
development of the material 99 . The desire to achieve some economy 
in these housing developments led to the use of reinforcement in no-fines -
concrete walls so as to dispense with the need for flexural members of 
other materials - for example pre-cast dense concrete or steel lintels. 
It is suggested by Scott  1-51 that the use of denser elements for lintels 
in no-fines concrete cbnstruction might impose high concentrated loads 
at the ends of the lintels which are undesirable because of the low 
strength of the no-fines concrete. Furthermore the monolithic nature 
of the no-fines concrete is broken by the use of composite elements 
in structures whose thermal characteristics and resistance to rain penetra-
tion would be much improved by the elimination of such elements. Hence 
further investigations on the bond performance of the concrete were 
undertaken91' 9.15 
Results presently available on the bond between no-fines concrete 
and reinforcement (Table 9.1) indicate that its bond strength, which 
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tends to vary between wide limits, is inferior to that of dense concrete. 
It is noted that its bond characteristics are affected also by the same 
factors that modify those of dense concrete. However, factors such 
as strength of the concrete, type of reinforcement and coating of the 
bar surface may be considered to have greater influence on the bond 
strength of no-fines concrete. For example, results 915 show that the 
bond strength of plain bars coated with cement slurry prior to concret-
ing are greater than those of bare bars. Deformed bars also provide 
greater bond strength than plain bars 91 ' 	On the other hand, 
since cement slurry could fill the spaces between deformations to reduce 
the effectiveness of mechanical anchorage 9.13  to some degree, deformed 
bars might be coated on the assumption (now widespread) that this 
could help the bond resistance in some way although in the particular 
case of aerated concrete such coating has been shown to be of no benefit 
in improving the bond 913 . Thus specific research is required to assess 
and clarify the real effect of bar deformations and/or coating on bond 
between those bars and no-fines concrete. In the absence of a standard 
on bond strength for no-fines concrete, any evaluation of the magnitude 
of the bond strength of reinforced no-fines concrete for establishing 
its limiting design values can be done only by comparison with that 
of dense concrete. Hence to establish design bond strength of no-fines 
concrete, its ultimate average values have to be contrasted with those 
of dense concrete made with similar materials in the same manner and 
tested by the same method. Results of bond tests with no-fines and 
dense concretes indicatedthat the bond strengths of no-fines concrete 
with various types of reinforcing steel bars were usually of lower value 
by comparison with those of dense concrete. These results, shown 
in Table 9.1, can be summarised as follows: 
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The bond between no-fines concrete and plain bars coated 
with cement slurry was generally about 36 to 43% of that for 
dense concrete of compressive strengths of 18 to 48 MN/M2. 
The bond between no-fines concrete and deformed steel 
bars coated in cement slurry was generally about 36 to 50% 
of those for dense concrete of compressive strengths of 18 
to 48 MN/M2.  
The first recorded bond tests on no-fines concrete were made 
by Petersen in the United States of America in 1943 98 He carried 
out pull-out tests on no-fines gravel concrete with 19 mm diameter 
deformed bars. The results obtained, which are shown in Table 9. 1, 
indicated that the bond strength was about 36% of that of dense concrete 
with cube crushing strength of 18.34 MN/m 2 . 
The most recent investigations carried out on bond between no-
fines concrete and various types of steel bars were performed in 
Edinburgh 9 ,14, 9•15 The results obtained (Table 9.1) led to the following 
conclusions: 
The bond strength of no-fines concrete was low and never 
greater than 50% of that for dense concrete. 
Plain bars coated with cement slurry provided bond strengths 
greater than bars without cement coating. 
Coated deformed steel bars provided the highest bond 
strength among the bar types examined. 
The ultimate average bond strength of the deformed steel 
bars varied between 2.6 and 4.4 MN/M 2  for concrete compres-
sive strengths of 5.6 to 15.6 MN/M2. 
The provision of hooks increased the bond strength of the 
steel bars. 
A summary of results obtained by all investigators is shwn in 
Table 9.1. 
Some work appears to have been done on the bond strength of 
no-fines concrete by Portland Cement Institute 97 in Johannesburg. 
However, no records of the results are available. 
The flexural behaviour of reinforced no-fines concrete was in-
vestigated in Edinburgh 9.88  with bond beams as part of the programme 
of study (see Table 9.4). 
9.3 Bond at elevated temperatures 
9. 3. 1 General 
As previously stated (Section 7.3.2), one of the main effects 
of heat on concrete is to cause expansion. Accompanying this expansion 
are other thermal effects that also depend upon the thermal properties 
of the concrete. Among the material properties of concrete, strength 
is considered to be one of the most vulnerable to heat and/or expansion. 
Concrete strength dwindles at 300°C whilst the critical temperature 
for steel is around 600°C 9.51, 9.52 Spalling may result not only as a 
manifestation of some of the effects of heat but also acts as an instrument 
of aggravation in deterioration 9.52, 9.53 	Aggregates play a major role 
in opposing, accommodating or worsening the amount of deterioration 
which may be slight or pronounced, depending upon whether the steel 
or concrete expands at a faster rate 9,54  . At normal temperatures dif - 
ferential expansion between concrete and steel is considered to be minimal. 
However, at elevated temperatures abnormal differences in thermal 
strain between the concrete and steel may occur and lead to internal 
stresses that cause bursting and cracking in the concrete surrounding 
the steel bars and eventually destroying bond between the steel and 
- concrete 9 , 54 
Investigations made to assess the performance of reinforced con-
crete structures exposed to fires, showed that most concrete structures 
survive the effects of fire and remain in a condition amenable to reinstate-
ment 955 . Since the performance of bond between concrete and steel 
may influence the amount of deterioration that elevated temperatures 
cause to concrete, a limited number of researches has been carried 
out to study the response of bond to elevated temperature 92 9.56 (Table 
9.2). Most of these investigations were limited to tests of bond in dense 
concrete. There seems to be very little information about bond in a 
lightweight concrete, such as no-fines concrete, at elevated temperature 
and in consequence it has been studied as part of the present work 
(see Chapter 10). 
It is worth remembering that there are two states or conditions 
that indicate the performance of reinforced concrete exposed to fire - 
namely the hot and the residual strengths. The hot strength depicts 
the response of reinforced concrete to elevated temperatures or its 
fire resistance whilst the residual strength gives an indication of its 
after-cooling capacity for performance in a structure. The ffinityJ 
between concrete strength and bond strength suggests that an investiga-
tion of bond proceeds with concrete in the hot and residual states. 
However, the influence of variables like heating rate and duration, 
composition and quality of concrete as well as type and size of steel 
bars on the bond strength are also discussed. 
It is to be pointed out that this section contains only a review of 
all the work done up to date to examine the reaction of bond between 
concrete and steel under elevated temperatures. 
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9. 3. 2 Residual bond strength 
Generally, it was found that the behaviour of the bond strength 
at high temperatures followed the same trend in variation as the compres-
sive strength of concrete, i.e. the bond strength reduced in value 
with temperature increase 929•  The effect of temperature, however, 
tended to be greater on bond than on compressive strength. Results 
obtained by various investigators for the residual bond stress of plain 
and deformed bars are summarised in Figures 9.9 and 9.10. Differences 
in the results vary with some even conflicting due to different experi-
mental approach and other factors (see Section 9.3.4). 
Investigations on bond at high temperatures were mostly carried 
out with pull-out specimens which were heated firstly to the test tem-
perature, heat-soaked for a period at this maximum and then allowed 
to cool to room temperature before the bond tests were carried out in 
the residual condition. 
Work carried out to study the behaviour of bond at elevated 
temperatures was undertaken firstly in Russia by Milovanov/Salmanov/ 
Pryadko957' 9- 58, 9.59 in 1954 and 1963 and also by Bushev/Pchelintsev/ 
Fedorenko/Yakovlev 90 in 1966. Subsequent works were by Gharamani 
and Sabzevari 9 ' in 1969 in Iran; IL'1N 962 in 1971 in Germany; Harada/ 
Takeda/Yamane/Furumura 9.51  in 1971 in Japan; Kasami/Okuno/Yamane 9.63 
in 1975 in Japan; Reichel 9*64  in 1978 in Czechoslovakia; Hertz 965, 9.66 
in 1972, 1980 and 1982 in Denmark; Diederichs and Schneider 9.1+2, 9.51+, 9.67 
in 1977-1982 in Germany; Sager and Rostasy36 4 9.69, 973 in 1981-1985 in 
Germany; and by Morley /Royles /Khan 929' 9.3 9-56,9.70, 9.71, 972 and the 
present author in 1977-1985 in Great Britain. 
Brief reviews of the earlier works on bond at elevated temperatures 
are to be found in the report of Diederichs and Schneider 92  as well 
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as that of Morley and Royles 956 . Additional information is given in 
works by Petzold and R6hrs 959 , Hertz 	and Sager 973 . 
A summary of all previous works carried out to determine bond 
strength in the residual condition is provided in Table 9.2. 
9. 3. 3 Bond strength at elevated temperatures 
The results of previous studies on bond strength betweeen steel 
and concrete at high temperatures are shown in Figure 9.11 and a summary 
of all the previous works carried out on the hot strength of bond is 
given in Table 9.3. 
The general behaviour of concrete at high temperatures pointed 
towards a reduction of the bond with temperature increase. The rate 
of loss of bond strength with temperature change was smaller in the 
hot than in the residual condition 9,72  . The shape of the curves for 
bond stress - versus temperature relationship was similar to that obtained 
by Malhotra 9 *74 and Abrams 9,75  for the behaviour of the hot compressive 
strength of concrete. 
The behaviour of bond strength of lightweight aggregate concrete 
was similar to that of dense concrete 9.68 A comparison between the 
bond of dense and lightweight concretes indicated that the bond of the 
former suffered greater loss with temperature increase. No record is 
available to indicate any previous work on the bond strength of no-fines 
concrete at high temperatures. For current work refer to Chapter 10. 
The first investigation into bond strength at elevated temperature 
(i.e. under hot conditions) was carried out by Diederichs and 
Schneider 9, 42, 	' 9,67 whose study covered the period between 1976-1982 
in Western Germany (Table 9.3) using the pull-out type of test. The 
test variables included various steel bars (plain and deformed) of different 
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diameters and different mixes of dense concrete made with different 
aggregates (basaltic and siliceous). 
The conclusions drawn from the results obtained were as follows: 
The ultimate bond strength of concrete decreased with in-
creasing temperature. 
The adhesion bond for siliceous aggregate concrete decreased 
with temperature rise and disappeared with large diameter 
bars at 300°C but at 400°C with smaller ones; the adhesion 
bond for basalt aggregate concrete continued up to 800°C 
and showed lower values the smaller the bar diameter. The 
shape of the bond stress-slip relationship curves for basalt 
aggregate remained the same for all temperatures but 
changed for siliceous aggregate concrete. 
The bond strength was influenced by the type of aggregate 
used - basalt aggregate concrete showed the least and 
siliceous aggregate concrete the most reduction in bond 
strength. 
The type and size of bar influenced the effect of temperature 
on bond strength. Deformed bars performed better at high 
temperatures than plain ones. For siliceous aggregate con-
crete, the performance of the bond of larger diameter bars 
was inferior to that of the smaller ones. For basalt 
aggregate concrete the opposite was true. 
The bond behaviour at high temperature was related to the 
type and strength of concrete with siliceous aggregate con-
crete showing the worst behaviour or greatest loss in 
strength with temperature rise. 
The total Acoustic Emission (AE) counts during the heating 
cycle were similar to the difference between thermal strains 
of the steel and the surrounding concrete. Diederich•s and 
Schneider interpreted this to mean that thermal incompat-
ibility was the main cause of reduction in bond strength 
under temperature influence. 
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(vii) During the cooling cycle, crack development (as per AE 
indications) at the interface was relatively small mainly 
because the high deterioration of the concrete attained 
during heating limited further internal stress development. 
Sager and Rostasy968' 919  working in 1982 in West Germany, 
performed a parallel experimental- study to that of Diederichs and 
Schnêider 92 ' 	into the influence of high temperatures on the bond 
behaviour of reinforcing bars (Table 9.3). The test variables included 
several types of concretes with different mix proportions and aggregates, 
different reinforcing steel bars and test temperature conditions. 
The results obtained were similar to those obtained by Diederichs 
and Schneider and included the following: 
The bond strength. behaviour under temperature change was 
similar to that of the compressive strength. 
The behaviour of the bond at high temperatures was influenced 
by type of aggregate. Limestone and lightweight aggregate 
concretes performed better than quartz gravel concrete. 
The bond of concrete with higher compressive strength 
(richer mix) showed greater loss in magnitude compared with 
lower strength (lean mix) concrete. 
The bond strength of lightweight aggregate concrete decreased 
with temperature rise. 
The bond behaviour of the lightweight concrete under heating 
was better than that of gravel dense concrete. However, 
lightweight concretes and limestone concrete had similar 
behaviour and retained 50% of their bond strength at 700°C 
whilst gravel concrete retained less than 25% at this tem-
perature. 
During 1977 up to 1985, programmes of experimental investigations 
were initiated at Edinburgh University with the object of providing 
203 
information on the influence of temperature on the performance of re- 
**- - inforced concrete structures during and after fire 929, 930, 956, 9.70, 971, 9.72 
Part of the work related to studies into the behaviour of bond at high 
temperatures (Table 9.3). Various parameters were examined including 
the following: 
different types of reinforcing steel bars (plain and deformed) 
of different bar sizes; 
concrete cover of different depths; 
different types of concrete (dense and lightweight no-fines 
concretes); 
various test conditions: 
different types of aggregates (siliceous gravel and basalt) 
and different bond lengths (short and long embedment). 
The pull-out test approach was used for all the bond tests and 
the test conditions included: 
specimens stressed and unstressed during heating and tested 
hot for the hot bond strength; 
specimens stressed and unstressed during heating and tested 
to failure when cooled for the residual bond strength. 
Some of the results and findings for the work on the bond strength 
of dense concrete exposed to high temperatures have been published 956, 9.71, 972 
Some of these results are shown in Figures 9. 10, 9.11 and 9.12. The 
results for the work on the bond strength of heated lightweight (no-fines) 
concrete form part of the work under study in this thesis (Chapter 10). 
A summary of the results in published work on the behaviour of 
the b-and of dense concrete exposed to high temperature is provided below: 
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The bond strength was reduced on initial heating followed 
by further decline after 400°C. 
The bond performance depended very much upon the type 
of concrete. 
The reduction in the bond strength was greater than the 
corresponding reduction in the concrete compressive 
strength. This was due probably to increased thermal 
movement caused by the presence of the steel bar. 
(vi) Deformed bars provided better bond performance than 
plain bars. However, the shape of the bond-temperature 
curve was similar for both types of bar. 
The bond performance was affected by bar size with 
smaller bars providing better performance. 
The bond strength was influenced by the concrete cover - 
with the greater cover providing better performance. 
The bond strength of specimens under stress during 
heating provided better performance #I janunstressedones\ 
Specimens tested hot (hot bond strengths) suffered 
greater loss than those tested in the residual condition 
(residual bond strengths) in the lower temperature range 
below 250°C due to additional thermal stresses induced in 
the former. This pattern reversed for higher temperatures 
above 250°C with the hot bond strength performing better 
than the residual bond strength and in a manner similar 
to the performance of the concrete compressive strength. 
Load cycling reduced the maximum bond stress available. 
Acoustic emission (AE) was related closely to bond sup. 
9. 3. 4 Variables influencing bond strength at elevated temperatures 
The effect of elevated temperatures on bond strength has been 
examined by studying the influence of variable factors on the bond 
behaviour. Among the variables affecting the behaviour of bond at 
normal temperature (see Section 9.2.4.3) some are considered to influence 
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to a greater extent the bond behaviour at high temperatures. The 
variations in the test results of different investigators are attributable 
to these variables and hence make it impossible to compare some of 
the results obtained. The most important of these variables are: 
the exposure conditions; 
the condition of the concrete at time of test; and 
the composition and quality of the concrete. 
These variables are commented briefly upon below. 
9. 3. 4. 1 The exposure conditions 
The conditions of exposure that influence bond degradation in 
specimens subjected to heating are as follows: 
9. 3.4. 1. 1 Rate of heating 
The intensity of heating or the rate of temperature rise adopted 
normally for heating in experimental procedures are one of two kinds, 
i.e. a fast rate or a slow rate 972 . The fast rate is considered to provide 
a temperature distribution condition similar to that of an actual fire. 
This experimental approach was adopted by Reichel 9 for his bond 
tests. However, tests made by other researchers 9 , 42, 9.76, have shown 
that a fast rate of temperature rise could result in precipitated damage 
to the test specimens by spalling before the actual bond tests started. 
Aktarrazumann 977 observed that a faster rate of heating created addi-
tional thermal stresses within concrete specimens under test. On the 
other hand, the alternative slow rate of heating has been observed 
to eliminate the steep temperature gradient that occurs with the fast 
rate of heating 92  . The slow rate of temperature rise thus eliminates 
the phenomenon of spalling and the internal thermal stresses generated 
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in the concrete test specimens. Generally the slow rate of heating is 
the accepted approach for tests 9.42, 9-6 8, 9.71 and the bond results obtained 
are considered to be influenced only by the effect of heating, i.e. 
temperature rise. 
9. 3. 4. 1. 2 Duration of heatin 
Griin and Beckmann 9 '78 established from their study of the behaviour 
of concrete at high temperatures that the main changes in strength 
occurred within the first two hours of heat soaking (temperature dwell) 
at maximum test temperature. Their results indicated that the strength 
of the concrete as obtained after one hour and two hours heat soaking 
respectively differed by 5-35% of their original values depending upon 
the temperature level and that the results after two and ten hours 
of such treatment differed by only about 5%. 
Various investigators have adopted from one hour to several 
days of heat soaking at maximum temperatures for bond tests (Table 9.2) 
and this has led to differences in their results. Hence a comparison 
of these results would be difficult as observed by Grimn and Beckmann 978 - 
in particular for heat soaking covering less than two hours wherein most 
of the differences occurred. 
9. 3. 4. 1. 3 Exposure to humid atmosphere after cooling 
The consequences of exposing heated concrete to a humid atmos-
phere were studied by Lea and Stradling 979 during their tests on con-
crete cubes that had been heated to elevated temperatures. They ob-
served that when concrete was heated to high temperature and allowed 
to cool for some length of time, it continued to lose strength over a 
considerable period after cooling. Similar results were obtained by 
Harada et a/. 9 ­51 and also by Dougiil 976 . 
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Lea and Stradling 979 suggested that the post-cooling losses in 
strength, after heating, were due to expansion that occurred in the 
cement paste (mortar) after reformation of calcium hydroxide through 
absorption of moisture from the surroundings. It should be noted 
that the calcium hydroxide broke down during the heating cycle. 
Dougill 980 , on the other hand, observed from his experimental 
investigations that the effects of reformation of calcium hydroxide were 
insignificant for maximum heating cycle temperatures below 500°C since 
the calcium hydroxide decomposed only above that temperature. He 
further suggested that the post-cooling strength changes within concretes 
heated below 500°C were due to the natural swelling up of the mortar by 
absorption of moisture owing to exposure to humid conditions while 
for concretes heated above 500°C, the post-cooling strength changes 
were affected by: 
reformation of calcium hydroxide in the mortar; 
the natural swelling up of the mortar after re-absorbing 
moisture from the humid atmosphere. 
From Table 9.2, it is seen that the post-cooling period for bond 
specimens tested for residual strengths varied from one day to several 
days. The post-cooling strength changes that occurred as a result 
of the water taken in during the post-cooling curing period could be 
considered, therefore, to influence the various results obtained for the 
residual bond strengths. For example, Harada et al. 9.51  tested their 
specimens two days after cooling while Morley and Roy1es 972 tested 
their's immediately after cooling to ambient temperature. 
The post-cooling loss in strength, which was due entirely to 
absorption of moisture, could be prevented as demonstrated by Doug111 980 ,. 
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if the test specimens were prevented from absorbing moisture from 
the atmosphere by sealing them in, say., polythene bags. 
9. 3. 4. 2 Condition of the concrete at time of test 
Those conditions of the bond specimens at time of testing that 
could affect bond behaviour at high temperatures might be listed as: 
age of concrete; 
temperature of concrete; and 
load on test specimen during heating. 
9.3.4.2.1 Age of concrete 
Malhotra 9,74  and Woolson 9 ' investigated the behaviour of heated 
concretes at different ages and showed that only minor differences 
occurred in results for mature concretes of different ages. They con-
cluded that the age of mature concretes did not influence whatever 
effect heat had on their compressive strengths. 
It could be considered that the difference in age of mature bond 
specimens (Table 9.2) might not have influenced these forementioned 
results substantially. Nevertheless, for young immature bond concrete 
specimens, the residual bond strength could be higher than that of 
an old concrete specimen exposed to the same temperatures. Dougil1 976 
suggested that, for young immature concretes, heating could cause 
additional accelerated curing that might lead to the speeding up of the 
hydration processes that coincide with the hardening of the cement 
paste. Bond specimens tested at an age of 28 days might be within this 
category. 
9. 3. 4. 2. 2 Temperature of concrete 
The residual bond strength of concrete is found to be lower than 
its hot bond strength 972 . Tests by Morley and Roy1es 972 confirmed that 
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differences existed between hot bond strength and residual bond strength. 
This finding was similar to that obtained by Lea 92 , Ma1hotra 97 and 
Abram S6,61  for the compressive strength of concrete (Figure 9.2). The 
results of Morley and Roy1es 972 , however, indicated some slight variations 
from those obtained for the strength of concrete. They found that 
for temperature levels below 250°C, the residual bond strength was 
higher than the hot corresponding bond strength. Above 250°C, the 
trend reversed and the hot bond strength showed the higher values. 
The explanation given 9.72  for this behaviour was that, at the lower tem-
perature levels, the hot bond strength could be influenced by probable 
extra thermal stresses which could be produced by differential strain 
between the steel and concrete in addition to the internal stresses en-
gendered by differential strain between the cement paste and aggregate 
while the bond specimens were being tested hot. 
The variations that take place in strengths (compressive, tensile 
or bond) of heated concrete specimens are caused mainly by: 
the thermal incompatibility of the concrete constituents 976 ; and 
the chemical changes that occur in the aggregates and cement 
paste gg 
The decline in hot strength of concrete, i.e. the strength of concrete 
tested at elevated temperatures, depends, therefore, upon the above 
two factors. 
Studies Crowley 9-83  made on cement paste specimens which were 
heated and cooled repeatedly, showed that as soon as the cement paste 
cooled from a high temperature,. it would develop a residual shrinkage 
strain which was greater than that which occurred during heating. 
Stresses that occurred in the cement paste and aggregate particles of 
concrete, after cooling from a high temperature, were caused, therefore, 
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by the incompatible residual strains of these two constituents. Dougill 9.76 
suggested that additional residual strains - caused by irreversible 
changes in the elasticity of the aggregates and cement paste - were 
induced in the concrete when cooled down. 
The residual strength of a concrete specimen, immediately after 
cooling, was lower than that of its hot strength due to further concrete 
deterioration caused by residual strains which were remnants of irrevers-
ible thermal strains that occurred between the cement paste and aggregates 
in the cooling period 976 . 
It would appear that, as the bond strength is related to concrete 
strength, the bond of specimens which had been tested when cooled 
would be lower than that of specimens tested hot - a reduction similar 
to that which occurred in the strength of concrete from the foregoing 
exposition. The residual shrinkage strains which were remnants of 
those that occurred during heating - mainly due to thermal incompatibility 
in the constituents of the concrete - would occur also in the bond test 
specimens to cause the same form of decline in the residual bond strength. 
9. 3. 4. 2. 3 Load on test specimen during heating 
Morley and Royles 972 showed from their study on bond at high 
temperatures that, when the bond specimens were heated under stress, 
the loss in bond strength obtained was less than if the restraining 
stress was absent (see Figure 9.12). Such behaviour was similar to 
that of the strength of concrete subjected to high temperatures as was 
demonstrated by Malhotra 9,74  as well as Abrams 975 . The restraint 
provided by the applied loading was considered to prevent cracking 
within the concrete from forming to the same extent as it would without 
such constraint. Hence the loss in strength suffered by the bond 
specimens was reduced. 
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9.3.4.3 The composition and quality of the concrete 9° 
The composition as well as the quality of concrete are noted to 
influence the strength of concrete and hence that of the bond strength 
at high temperatures. The various factors constituting the composition 
of concrete and/or capable of influencing the bond strength could be 
listed as: 
type of cement; 
type of aggregate, size and grading; 
water/cement ratio; 
aggregate /cement ratio; and 
type of concrete. 
9. 3.4. 3. 1 Type of cement 
The influence of cement type on the strength of concrete was 
demonstrated from tests carried out by Gri.in and Beckmann 9,78  on strength 
of concretes at high temperatures. The results indicated that the type 
of cement affected heated concrete strength and that concrete made 
from blast-furnace cement performed better under heating than concrete 
made of ordinary Portland cement. Tests performed by Harada et al. 9.51 
indicated also that ordinary Portland cement concrete showed smaller 
strength loss compared with high alumina cement concrete. These 
influences of type of cement on strength could hence be related to that 
of bond. 
The only indication of effect of type of cement on the bond strength 
at high temperatures was by tests carried out in Russia by Milovanov 
as well as Milovanov and Pryadko as reported by Petzold and ROhrs 959 . 
Their results indicated that the bond strength of concrete made with 
ordinary Portland cement performed better at elevated temperatures 
than that of concrete made with refractory water glass (sodium silicate). 
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9. 3. it.  3. 2 Type of aggregate, size and grading 
It has been observed that the type of aggregate influences the 
behaviour of concrete subjected to heating (see Chapter 6, Section 
6.3.4). Generally concrete made of non-siliceous aggregates (e.g. lime-
stone and lightweight aggregates), tend to perform better at high tem-
peratures compared with concrete made with siliceous aggregates such 
as quartz 	. 
Sager and Rostasy 98 , in their study on the effect of elevated 
temperature on the bond behaviour of concrete, investigated the effects 
of various types of aggregates in this connection. Their results indicated 
that the bond of concrete made with lightweight and limestone aggregates 
performed better at high temperatures. Similar tests performed by 
Diederichs and Schneider 	confirmed that aggregates with smaller 
silica content performed better than the highly siliceous ones. They 
found that basalt aggregate concrete performed better than siliceous 
aggregate concrete. 
The differences in the behaviour of concrete made with different 
aggregates (see Chapter 6, Section 6.3.4) could be attributed to the 
differences in the thermal properties of the various aggregates. Aggregates 
with high silica content tend to expand more under high temperatures. 
Since the bond behaviour depends upon the composition of concrete, the 
behaviour of bond at high temperatures would be influenced in the same 
manner as concrete strength by the type of aggregate used. 
No information is available to show the effect of either, the aggregate 
size or grading on the strength as well as the bond of concrete at high 
temperatures. However, Menzel, as reported by Dougill 9° ,has shown 
that the fire resistance period of dense concrete increased with an 
increase of fines in a concrete mix. The increase in fire resistance period 
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is attributed to an increase in the number of small air voids within 
the concrete. 
9. 3. 4. 3. 3 Water/cement ratio 
The effect of water/cement ratio on the strength of concrete at 
high temperatures was investigated by Malhotra 97 and Watkeys 9 . 
Both reported that the loss of strength of concreteunder heating is 
independent of the water/cement ratio. 
The effect of water/cement ratio on the bond strength of concrete 
would appear not to have been investigated as a variable factor. Never-
theless, the behaviour of the bond due to this effect would be similar 
to that obtained by Malhotra and Watkeys for the behaviour of the com-
pressive strength of concrete. 
9. 3. 4. 3. 4 Aggregate/cement ratio 
The effect of aggregate /cement ratio on bond was studied by 
Sager and Rostasy 98 . As expected the bond strength of the richer 
mix concrete showed a greater percentage loss when heated than that 
of the lean mix concrete. This behaviour was similar to the observations 
of both Malhotra 9*74  and Watkeys 9 on the strength of a rich mix concrete 
at high temperatures. 
The greater loss of bond strength in the richer mix was attributable 
to the greater internal thermal stresses that occurred in the concrete 
during heating arising from the greater percentage of cement paste. 
9. 3. 4. 3. 5 Type of concrete 
It has been shown that at room temperature the bond strength 
of concrete depends upon the strength of the concrete (Section 9.2.4.3), 
i.e. concrete of greater compressive strength tends to produce bond of 
higher magnitude in comparison with concrete of lower strength. 
214 
The effect of compressive strength of concrete upon the bond 
strength at high temperatures was studied by Sager and Rostasy 98 . 
Their results showed that for reinforced concrete in a structure sub-
jected to heating, by contrast, the bond of concrete with higher strength 
tended to suffer greater loss in magnitude with increasing temperature 
than in weaker material. The failure temperatures for bond of concrete 
with greater strength tend to be lower than those for bond of concrete 
of lower strength. The maximum slip or relative displacement at the 
bond failure load of concrete with higher strength was found to be 
smaller than that of concrete of lower strength. These observations 
accord with the results obtained by Malhotra 974 for the behaviour of 
the compressive strength of a cement-rich concrete at high temperatures 
whereby it exhibited a greater loss in contrast with a low-strength 
concrete of low cement content. 
The effect of the type of aggregate concrete was demonstrated in 
the work of Sager and Rostasy 98 . Their results indicated that, generally, 
the bond strength of lightweight concrete tended to suffer smaller loss 
in value with temperature rise than in dense material. The bond strength 
of lightweight concrete (made with expanded shale) exhibited a slipping 
mode of failure in contrast with the bond of gravel concrete which failed 
through concrete splitting. 
9. 3. 4. 4 Type and size of bar 
While considering the bond behaviour under ambient temperature 
conditions, the type and size of reinforcing bars were noted among 
the factors which influenced the bond strength. Studies carried out 
by Diederichs and Schneider 9,42, 	indicated that, at high temperatures, 
the performance of the bond of concrete was affected by the type and 
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size of steel bars. The tests showed that plain round bars lose more 
bond strength with temperature increase in comparison with deformed 
bars 92 . Similar results were obtained by Reichel 9 , Morley and Roy1es 972 
and Milovanov and Pryadko 958 . 
Royles, Morley and Khan 971 in their studies found that the bond 
performance of a smaller size bar was superior to that of the larger 
bar. According to Royles etal. 9.71  the apparent inferior bond strength 
of the larger bar could be attributed, in part, to the influence of bar 
size on the failure mechanism, i.e. the greater tendency for concrete 
splitting to occur the larger the bar size. 
Also Diederichs and Schneider 	in their studies observed the 
effect of bar size upon bond strength at high temperatures. They 
noted, however, that this depended upon the difference in thermal 
strain between the heated concrete and steel, i.e. the type of aggregate 
used. Their results 9,54  indicated that siliceous aggregate concrete 
expanded more than steel at temperatures above 350°C. Hence the 
smaller diameter bar performed better and this agrees with the findings 
of Royles et al. 9.71 For basalt aggregate concrete, the opposite happens, 
i.e. below 800°C, the steel expands more than the concrete, hence 
the bigger diameter bars perform better than smaller ones. It is con-
sidered that the basalt aggregate concrete shrinks with temperature 
increase in comparison with the bar which expands; and because the 
adhesion bond remains even up to higher temperatures, bigger diameter 
bars with greater contact surface perform better. 
9. 3. 4. 5 Experimental procedure 
The various investigators mentioned earlier (see Section 9.3.2) 
who carried out studies into the behaviour of bond at high temperatures 
appear to have adopted the pull-out test approach. So far there is no 
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record indicating use of the bond beam method for studies into the 
behaviour of bond at elevated temperatures. 
The preference for the simpler pull-out test method could be 
ascribed to the problems and cost of heating the beam test specimens 
during the experimental stage. 
The test specimens (as indicated in Figure 9.8) were all variations 
of bond pull-out types and they covered a range from short to long 
embedment lengths (see Figure 9.8). The earlier practice had been to 
test specimens of longer bond length as shown in tests by Mikalov et al. 958 
and Harada et al. 9.51  . The practice in recent times has been to use 
shorter bond length in line with the recommendations of Rehm 6 as shown 
in tests by Diederichs and Schneider 92 , Sager and Rostasy 98 as well 
as Royles et al. 9.71 
The ultimate average bond stress was found from tests to vary 
with the bond length of the specimen or depend on the length of embed-
ment 9 . The ultimate average bond stress of a specimen of long embed- 
,1 ment length, according to Fergusson 97 , might differ from the maximum 
bond stress that could develop locally along the surface of the bar. 
The use of differing embedment lengths by various investigators could 
mean, therefore, that different results would be obtained with comparatively 
shorter bond lengths providing higher average bond stresses 
To eliminate this problem, Rehm 9 suggested the use of a short 
embedment length which could provide an average bond stress nearer 
to the local bond situation. However, the flaw in this approach is that 
it is based on the assumption that there is perfect contact between the 
concrete and steel bar without whiäh a false average bond stress (local 
bond stress) could be obtained 932 . 
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CHAPTER 10 
EXPERIMENTAL INVESTIGATION 4: 
BOND TESTS ON NO-FINES CONCRETE AT AMBIENT 
AND ELEVATED TEMPERATURES 
10.1 Introduction 
In comparison with dense concrete, no-fines concrete has not 
been researched enough to accumulate records from which information 
about bond strength of reinforced no-fines concrete could be obtained. 
In particular, the effect of elevated temperature on the bond strength 
(pertaining to no-fines concrete) appears not to have been investigated. 
However, such information would be required normally for the fire-
safety design of reinforced no-fines concrete structures. 
The experimental investigations in this chapter therefore con-
stitute a fruitful attempt made to procure and record some of this informa-
tion. The tests were designed to facilitate the study of the performance 
of bond between no-fines concrete and reinforcing steel bars. The 
guiding principle underlying these experiments was that the results 
should reflect the behaviour of the bond at ambient and elevated temper-
atures under various test conditions. 
10.2 Outline of test programme 
70.2. 1 Test objectives 
To determine the bond strength of reinforced no-fines concrete 
containing crushed stone aggregate at ambient temperature. 
To determine the effect of high temperatures on the character-
istics of bond strength between no-fines concrete and reinforc-
ing steel for various temperatures. 
Application of an "Acoustic Emission Technique" to examine the 
bond performance between no-fines concrete and reinforcing steel. 
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10. 2. 2 Bond test method and specimen 
All the tests were carried out in accordance with the relevant sections 
of BS. 1881 and CP. 110 Part 1, 1972. 
The pull-out test approach was adopted. This method was noted 
to be simple, reliable, reproducible and easy to apply in particular with 
regard to the temperature tests' 01 . Also the pull-out tests provided 
the basic bond data free of complications that could be introduced by 
other concrete strength failure modes. Bond tests by a beam method 102'' ° ' 2 
however, would be more expensive and less easy to perform especially 
if in quest of the effects of temperature on bond. Furthermore, bond 
failures in a beam could be complicated by problems such as flexural 
strength failure and/or interaction between shear and bond stress 102 . 
The geometry of the test specimens was based upon the recommenda-
tions of RILEM/CEB /FIB 103 . For thermal reasons a cylindrical shape 
(circular-ended) was selected for the specimens. Cylindrical shapes 
were considered to produce uniform heat flux from the external exposed 
surfaces to the concrete/steel interface. 
Theoretically, according to Rehm' ° , Edwards and Yannopoulos 105 , 
a short length of bond specimen would provide a basic local bond-slip 
relationship. However, consideration of the porous nature of no-fines 
concrete weighed in favour of choosing a long length of bond specimen 
(see Section 9.2.4.1). 
The rate of heating was 2 0C/mm (2 K/mm). This was found to 
provide temperature gradients between the external face and interface 
ranging between 1.20 and 2.80°C/mm in the specimens for the temperature 
ranges tested prior to steady state temperature conditions. Normally 
the temperature development in a fire (see Section 6.2) would be fast 
and transient. However, the slow rate of heating was adopted (together 
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with the test at a steady state temperature condition) to avoid complicat-
ing the bond failure mechanism with other failure modes due to thermal 
effects' ° '. According to Diederichs and Schneider' ° ', temperature 
gradients of 0.6 to 0.7 0C/mm during heating were noted to have no 
effect upon the thermal behaviour of dense concrete. The effect of 
temperature gradients in the specimens is discussed in Section 13.4.4. 
It should be mentioned that even though some lightweight concretes 
had been noted not to suffer the phenomenon of spalling (see Section 
7. 2. 3) there is no record to that effect for no-fines concrete. It was 
considered, therefore, that both slow and fast rates of heating needed to 
be investigated for no-fines concrete. However, for the present test 
programme, a slow rate was adopted. 
70. 2. 3 The test variables 
Out of the many variables 10.1  which could affect bond strength 
of concrete, the following were selected for testing: 
Mix proportions - no-fines concrete with aggregate to cement 
mix proportions of 1 : 8 and 1 : 10 (see Section 3.2). 
Temperature level - eight different furnace temperatures 
varying from 20 to 800°C (except 700°C) at 100°C intervals. 
These temperatures are those normally experienced in a 
real fire. 
Type of reinforcing steel - two types, plain and deformed 
(tor-bar) bars, were selected for the tests. These two bars 
were adopted for the examination of the bond behaviour at 
high temperatures as a continuation of previous studies carried 
out on bond in no-fines concrete at ambient temperature l0,107 
Test conditions - 
(1) pull-out specimen. stressed during heating and pulled 
to failure at test temperature (stressed, hot strength); 
(ii) pull-out specimen stressed during heating and pulled 
to failure when cooled to room temperature (stressed, 
residual strength); 
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specimen zero stressed (unstressed) during heating 
and tested while hot (unstressed, hot strength); 
specimen zero stressed (unstressed) during heating 
and tested after cooling (unstressed, residual strength). 
The four test conditions were chosen for investigation on the 
basis that they would provide "all the information on bond 
strength at high temperatures" that might be required in the 
design of no-fines concrete structures for both fire resistance 
and probable reinstatement after a fire. 
Bond stress level in specimens during heating - 
(I) zero stress; 
(ii) bond stress of 0.18 MN/m 2 . 
Constant parameters - variables to be kept constant during the 
tests were the following: 
rate of heating - 2 °C /min; 
period of heat soaking - 4 hours (1 hour during 
preliminary investigations); 
(C) cover to bars - 70 mm; 
bar size - 12 mm; 
embedded (bond) length - 300 mm; 
direction of cast-concrete cast in direction of pull-out; 
age at test - 12 months; and 
rate of pull-out loading - equivalent to an average 
bond stress increase of about 0.11 MN /M2  per minute. 
10.3 Test specimens 
Circular cylindrical pull-out test specimens with external diameter 
of 152 mm and height of 300 mm were used in the series of bond tests 
(Table 10.1). Each reinforcing steel bar (about a metre in length) was 
bonded concentrically over 300 mm of its length within a pull-out specimen 
(Figure 10.1). The bonded end of the bar was made flush with the 
top end of the concrete cylinder. The free end of the reinforcing bar 
protruded downward from the bottom of the concrete specimen sufficiently 
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to pass through the base of the furnace to a loading arrangement (Figure 
10.2). 
The reinforcing steel bar was filed to a smooth flat finish at the 
top end in order to provide a level surface on which to place a trans-
ducer. The other end of the bar was threaded to provide an effective 
grip during the bond pull-out test operation. 
Four specimens were prepared from each batch of concrete. Six 
150 mm control cubes (to be tested at ambient temperature) were cast 
together from each batch of concrete for the pull-out specimens. 
The total number of pull-out specimens prepared for testing was 
320, and the number for the various series of bond tests is indicated 
within the summary of test programme given in Table 10. 1. 
Precuations were taken to make sure that the steel bars were 
free from contamination by grease and oil by cleaning them with paraffin. 
10.4 Test materials 
The materials used in preparing the no-fines concrete pull-out 
specimens were as follows: 
For the no-fines concrete, ordinary Portland cement conforming 
to BS. 12 : 1978 was used together with 20 mm single size crushed 
whinstone aggregate (basalt, shrinkage value = 0.047%) from a 
local quarry. Concrete mix proportions of 1: 8 and 1: 10 by 
weight were used. The proportion of materials for the concrete 
specimens are shown in Table 10.2. 
The reinforcing steel bars consisted of: 
(1) a metre length of 12 mm diameter type 2 deformed bar 
(tor-bar) conforming to BS.4461 :[1984; 
(ii) a metre length of 12 mm diameter plain mild steel round 
bar conforming to BS.4449: 1978. 
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Sieve analysis, physical, chemical and mechanical properties of 
the basalt aggregate are described in Section 3.3. 
The characteristics of the reinforcing bars are provided in Tables 
3.8 and 3.10. 
10. 5 Preparation and curing of specimens 
10. 5. 1 Mixing 
The bulk of the aggregate for the mix was first soaked overnight 
in water, before the commencement of mixing. The soaking water was 
run off and the wet aggregate was left for the surface water to drain 
away for about 30 minutes. This procedure ensured that the mass of. 
aggregate for each batch of concrete was in a saturated surface dry 
moisture condition before use. 
The dry constituent proportions of materials for the concrete 
were placed in the mixing drum and mixed together for about a minute. 
Then the mixing water was added and the whole mass was blended for 
3 minutes. The entire freshly mixed concrete was discharged into a 
wheel-barrow and taken to the casting bay. 
10. 5. 2 Casting 
The pull-out specimens were cast using circular cylindrical steel 
moulds with an internal diameter of 152 mm. Each mould was open at 
both ends. The moulds were rested on steel circular caps each prepared 
to an external diameter of 200 mm. A 12 mm diameter hole was drilled 
in every steel cap to be concentric with the axis of each mould. 
A special casting table was made for casting four specimens at 
a time in a vertical direction (Figure 10.3a). The 12 mm diameter re-
inforcing steel bars were positioned initially one on top of each steel 
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cap and placed vertically by means of a bolt and nut joint arrangement 
operated at the bottom of the casting table. This ensured that each 
bar remained perpendicular to and concentric with the circular mould 
base plate. The thermocouples for recording temperatures at both the 
steel/concrete interface as well as at mid radius (mid-height) of the 
concrete specimen were fixed in position. The cylindrical steel moulds 
were placed in upright positions on top of the base plates (Figure 10.3b). 
Thereafter concrete was poured into the moulds. Four specimens 
were made kt each batch of concrete. The moulds were filled one at 
a time and the concrete was rodded into position using a 20 mm diameter 
steel tamping rod to ensure uniform placement of concrete around the 
steel bar over the bond length. Care was taken to protect the thermo-
couples against displacement from their original positions during the 
casting process. Six concrete control cubes were made after completing 
the casting of the pull-out specimens, in accordance with BS.1881, Part 
3: 1970. All the moulds were covered up for 24 hours after which the 
specimens were stripped for further curing, as described in Section 10.5.3. 
10. 5.3 Curing 
After stripping, the specimens were cured initially wrapped in 
polythene sheets for seven days in accordance with BS.1881, Part 3: 1970. 
At the end of the 7 days the specimens were left covered with polythene 
sheets to cure under laboratory conditions of 20 0 ± 2°C and 60% ± 5% humidity 
until they were required for testing. 
10.6 Test apparatus 
The bond pull-out tests were performed using the following set 
up of apparatus: 
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heating system; 
temperature recording system; 
pull-out load mechanism; 
data recording system; 
acoustic emission instrumentation. 
The general arrangement of the apparatus is shown in Figure 10.4a. 
A line diagram of the pull-out test set-up is shown in Figure 10.4b. 
10. 6. 1 Heatinci system 
The heating system consisted of an electric furnace, an Eurotherm 
temperature controller and temperature programmer (Figure 10.5). The 
furnace was designed to heat up to a temperature level of 1000°C. These 
instruments are described in greater detail under Section 8.5. 
The rate of heating adopted was 2 K/mm. The reason for adopting 
a low rate of heating, as explained elsewhere, was to eliminate any probable 
premature adverse thermal effects on the test specimens during the 
heating cycle that could occur prior to the actual bond tests. 
10. 6. 2 Temperature recording system 
The temperature levels in the furnace, within the concrete speci-
mens and at the concrete/steel interface respectively were recorded 
using the system shown in Figure 10.4b. It was made up of a thermo-
electric temperature circuit and an automatic data logger temperature 
recorder (Section 8.5.3). The thermo-electric thermometer was set up 
using chromel-alumel thermocouples (Section 8.5.2). The thermocouples 
were cast into and with the test specimen at its mid-height. 
The thermocouples and the data logger were calibrated using melting 
ice and boiling water respectively before the tests were performed. 
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10. 6. 3 Pull-out loading mechanism 
The mechanism for applying the pull-out load and measuring it 
during a bond test comprised a loading yoke, a 50 kN load cell, a reaction 
beam and hydraulic jack as shown in Figure 10.6a. Each reinforcing 
steel bar extended downward through the base of the furnace to the 
loading arrangement. 
The pull-out load was manually applied by means of a hydraulic 
jack system set up to apply load either individually or simultaneously 
to two specimens at a time. The end of the steel bar was attached to 
the loading yoke by means of a 12 mm diameter bolt and nut joint set-up. 
The hydraulic jack was placed in the yoke directly under the load cell. 
The load cell in turn was permanently bolted into a reaction beam. 
By means of the hydraulic jack which was initially positioned at 
the base of the loading yoke a force was manually created. This force 
pushed the load cell on top of the jack against the reaction beam. It 
resulted in a tensile pulling force being produced in the reinforcing 
steel bar. 
The load cells were energised via a stabilised DC power supply 
and monitored by a multi-channel data recorder. 
Each load cell (total 4 number) was calibrated in the 50 kN range 
of a Universal Avery hydraulic testing machine prior to the commencement 
of the bond testing programme. 
10. 6. 4 Data recording system 
In addition to temperature, three basic sets of data were to be 
recorded - displacement or slip, load and acoustic emission. The system 
(Figure 10.4b) consisted of: 
(i) a Sangamo signal conditioning unit for displacement 
transducers; 
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a six channel Rickadenki chart recorder; 
a displacement transducer. 
The first set of data to be recorded was the applied pull-out load. 
This load was acquired via the load cell (Section 10.6.3) direct to the 
chart recorder. 
The second set of data was the relative movement between the 
concrete and the bar, i.e. the slip. The slip signal was measured by 
means of a displacement transducer (LVDT type ± 2.5 mm range) 
a transducer cap and a hollow silica cylinder. The mounted arrangement 
of the set-up is shown ih Figures 10. 6a,b. The slip signal picked up 
by the displacement transducer was transmitted to the Sangamo signal 
conditioning unit before passing to the six channel chart recorder. 
The relative slip was measured continuously throughout a test. 
Every displacement transducer was calibrated using slip gauges before 
the beginning of a test. 
The third set of data recorded was the acoustic emission (AE). 
The AE was recorded with the aid of a piezo-electric accelerometer and 
a ceramic glass rod wave guide. 
The instrumental set-up for recording the AE is explained under 
Section 10.6.5. 
Before commencing each process of a bond test, the bottom end 
of the vertical ceramic wave guide was fixed to the upper end of the 
steel bar using Fortafix (a high temperature adhesive cement). The 
accelerometer was coupled to the top of the ceramic glass rod (previously 
bonded onto top of bar) using a stiff water pump grease (Figure 10.6b). 
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10. 6. 5 The acoustic emission instrumentation 
The acoustic emission monitoring instrumentation consisted of 
an AE transducer, a pre-amplifier, a frequency counter, an oscilloscope 
and a transient recorder as shown in Figure 10.7. 
The AE was monitored using a transducer in the form of a piezo-
electric accelerometer. The accelerometer, producing signals when excited 
by a stress wave, was connected to the test specimen by means of a 
fused silica glass rod (Figure 10.6b). The accelerometer was fixed dir-
ectly onto the top of the ceramic glass rod wave guide using a stiff water 
pump grease. The glass rod was vertical and fixed onto the top of the 
reinforcing bar in the test specimen which had been placed in position 
in the furnace. The glass rod was bonded to the steel bar with Fortafix 
adhesive cement. From tests done by Royles and Morley 10.9,  with this 
type of arrangement, about 97% of the AE was found to travel up the 
wave guide to the accelerometer. 
The AE signals obtained from the test specimens by the accelero-
meter were magnified by passing them through a pre-amplifier. The 
amplified AE signals were filtered so that only signals exceeding a threshold 
of one volt (1V) were to be recorded. From the filter the signals were 
split into two. One branch of the amplified signals travelled through 
a Datalab type DL902 transient recorder to an oscilloscope and an audio-
meter. The other branch of the signals passed into an RCS Ltd Model 
401M frequency counter with a monitoring capacity of 50 MHZ. Both 
branches were processed to give outputs. 
The first AE output (signals) emanating from the frequency counter 
went into a chart recorder to be plotted (Section 10.6.4). The second 
AE signal branch outputted was sound-tracked by the audiometer (audio-
monitor) before finally entering a transient recorder which captured 
short burst of the emission and displayed it on an oscilloscope. 
The AE data output therefore could be produced either in wave-
forms and photographed or outputted as numerical figures in total counts. 
Before the beginning of each test, the AE instrumentation (includ-
ing the bonds between accelerometer/ glass rod/steel bar) was calibrated 
as a check on the set-up by means of a Neilson calibrator 
Further details are provided in Chapter 11. 
10.7 Test Drocedure 
The pull-out specimens were set up vertically within the furnace 
and the projecting ends of the reinforcing bars were guided into the 
loading yoke below the furnace (Figure 10.6). A set of four specimens 
were heated at a time. The weights of the specimens were first deter-
mined before they were installed in the furnace. The instrument systems 
(Section 10.6) were all connected up and checked to be functioning well. 
The sequence of operation adopted for the bond pull-out tests, 
including the heating/cooling cycles, may be listed as follows: 
Test specimens weighed, measured and then installed in 
furnace. 
Ceramic glass wave guide rod was bonded onto the reinforc-
ing steel bar. This was followed by bonding of the AE 
transducer onto the top of the vertical glass rod. 
Test specimens to be tested under bond stress during 
heating were loaded with the required design load. 
After switching on the furnace, the 2 0C/miri rate of heating 
was maintained constant through the programmable tem-
perature controller. 
When the required furnace test temperature was attained, 
the maximum temperature reached was maintained constant 
for an extra saturation (orheat soaking). period. 
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At the end of the heating cycle (including the extra tem-
perature dwell period), the pull-out test was carried out 
on specimens which were tested to failure at the test tem-
perature level or while the specimens were still hot. 
At the completion of the bond pull-out test, the furnace 
was switched off and the furnace lid was removed for air-
cooling of the specimens. 
The test specimens (to be tested when cooled to ambient 
temperature) were left to cool slowly to room temperature 
for 24 hours before pulling to failure. 
Following the completion of the bond pull-out tests, the 
concrete specimens were carefully removed from the 
furnace, weighed and a record made of all physical surface - 
failure mode conditions. 
Tensile splitting tests (see Section 8.6) were carried out on 
all pull-out specimens. The condition at the bond interface 
was noted when the specimens were split up. 
Steel tensile strength tests were carried out finally on the 
reinforcing steel bars (Section 8.6). 
For each set of bond pull-out tests six unheat treated 150 mm 
concrete control cubes were crushed at room temperature as a check on 
the qualityof the concrete used. 
The bond pull-out test specimens were tested at elevated temper-
atures (Section 10.2) as well as at ambient temperature (20°C) as out-
lined in the summary of the test programme (Table 10.1). 
10. 7. 1 Preliminary tests 
Preliminary investigation was carried out to determine the tem-
perature distribution at the concrete/steel interface or the bond inter-
face. For these preliminary bond tests, a heat soaking period (tem-
perature dwell) of 1 hour - at each maximum furnace temperature - was 
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adopted. This extra heating period was to provide temperature satura-
tion in the furnace and conformed with procedure adopted by Morley 
for similar or parallel tests on dense concrete. 
From the results obtained, a guide line was provided to help deter-
mine the temperature at the bond interface. A heat-soaking period 
of 4 hours was therefore adopted for all subsequent tests. The extra 
4 hour heat-soaking period was chosen to help obtain the requisite test 
condition of a uniform steady temperature distribution at the bond inter-
face. 
The results of the preliminary investigation were found to be 
useful and were included therefore with the rest of the actual bond 
test results. 
10.8 Test results 
The results of the bond pull-out tests for the various temperatures 
and test conditions are shown in Figures 10.8a to 10.8m. A summary 
of the results for the maximum average values of the tests performed 
at room temperature is provided in Table 10.3. A discussion of the 
various results is presented in Section 13.5. 
The average bond stress m (in MN/M 2 ) was calculated for each 
pull-out load P (in KN) by using the expression given below: 
P 
Gb = 	x 10 11 2,d 
where d = diameter of steel bar in mm 
= embedment length in mm. 
All the specimens failed by pulling out. Each of the curves drawn 
generally represents the average of four tests. However, for the plain 
bars, each of the curves represents the average of at least two tests. 
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The results show some amount of scatter with about 50% spread 
between the least and highest values. 
The results are for test conditions 1 to 4, i.e. specimens were 
stressed or unstressed during heating and tested either while hot or 
when cooled down to room temperature (Section 10.2.3). 
The concrete qualities tested were no-fines concrete of 1 : 8 and 
1: 10 mix proportions, the reinforcing steel types were 12 mm diameter 
deformed (tor-bar) and plain mild steel bars and the aggregate used 
was the basalt type (Section 10.3). 
10.8. 1 Bond stress-slip relationship 
A set of typical bond stress (eb) versus slip () curves are shown 
in Figures 10.8a-c for various test conditions, no-fines concrete of mix 
proportions of 1 : 8 and 1 : 10 respectively and reinforcement types of 
12 mm diameter deformed and plain mild steel bars. 
The shapes of the bond stress-slip curves for each test condition 
were all similar, as illustrated in Figures 10. 8a-c. The curves show 
that, as the temperature increases, the bond stress reduces in value 
while the relative movement (slip) at the same time increases in value. 
For the lower temperature range (20-300 0C), the effect of rising tem-
perature on the bond stress was minimal. However, above 300°C, the 
effect of temperature was dramatic as the bond reduced remarkably 
in value. The extent of the reduction depended upon the temperature 
level at exposure. 
The bond stress-slip curves for the deformed bar as shown in 
Figures 10.8a,b indicated that, below a temperature level of 300°C, there 
were only slight changes in the bond stress from the original value at 
20°C, although a slight increase up to 100°C was evident. Above 300°C, 
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a distinct fall in the bond stress occurred. The shape of the bond stress-
slip curves also changed with the gradient reducing in value. 
In the case of the plain mild steel bars, the reduction that occurred 
in bond stress with temperature increase was more pronounced (Figure 
10.8c). As usual, the bond stress was not much affected by temperature 
up to 300°C. However, above 300°C, there was a much greater reduction 
in value. By 600°C the bond stress was only about 30% of its original 
value at 20°C (Figures 10.8c 1 , c2) 
The stressed residual bond stress-slip diagram of the deformed 
bar embedded in 1 10 no-fines concrete (Figure 10.8a) showed more 
distinctive adhesion bond which tended to decrease with temperature 
increase (Figure 10.8a). The adhesion bond tended to disappear more 
rapidly with temperature rise for the unstressed specimens than for 
the stressed ones (Figures 10.8a,b). 
10. 8. 2 Maximum bond stress versus temperature relationship 
Figures 10.8a-c, d-g, all show the effects of temperature on the 
bond strength for no-fines concrete of different mix proportions with 
different types of bar and under different test conditions. The results 
for the maximum bond strengths (ab)  were expressed as percentage 
of the original bond strengths at room temperature (Gb')  and plotted 
against the concrete-steel interface temperature (Ti) for the various 
test conditions. 	- 
10. 8. 2. 1 Stressed and unstressed bond strengths: deformed bar and 
no-fines concrete of 1: 10 mix proportion 
Figures 10. 8d 1 - d5 show curves for the results for the four test 
conditions (i.e. first, specimens were stressed during heating and tested 
while hot; second, specimens were stressed while hot and cooled to 
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room temperature before being tested; third, specimens were unstressed 
during heating and tested while hot; fourth, specimens were unstressed 
during heating and cooled to room temperature before being tested). 
These results were for specimens made of no-fines concrete of 1 : 10 
mix proportion with 12 mm diameter deformed bar. 
The results differentiate two levels of bond behaviour. There 
was a slight increase in bond strength as temperature level rose from 
20 to 200°C, followed by a gradual decrease for temperature between 
200 and 300°C (Figure 10.8d1). Above 300°C, significant reduction 
in bond strength occurred and this became more pronounced at high 
temperatures. 
Results for the individual test conditions were as follows: 
Specimens stressed during heating and tested hot or cooled: 
Figure 10.8d 2 shows results for specimens which were stressed 
during the heating process and then tested either hot or when 
cooled for the hot and residual bond strengths respectively. 
Generally the results indicated that the stressed hot bond 
strengths were greater than the stressed residual bond 
strengths in particular at higher temperature levels above 
500°C. Below 300°C, the form of the curves demonstrated 
that the stressed residual bond strengths were greater than 
the stressed hot bond strengths. This trend was reversed 
at temperatures above 300°C. 
Specimens stressed and unstressed during heating and tested 
hot: Figure 10.8d 3 shows results for specimens which were 
stressed and unstressed during the heating process and then 
tested at the specified temperature level. The form of the 
curves revealed that the unstressed hot bond strengths were 
greater at lower temperature levels while the stressed hot 
strengths were greater at higher temperature levels. 
- 	234 
Specimens stressed and unstressed during heating and 
tested cool: Figure 10.8d + shows results for the residual 
bond strengths of specimens which were stressed and 
unstressed during the heating cycle. The stressed residual 
bond strength generally suffered less reduction in value 
with temperature rise. At lower temperature levels, how-
ever, the unstressed residual strengths were greater than 
the stressed ones. 
Specimens unstressed and tested hot or cool: Figure 10.8d5 
represents curves drawn for specimens which were un-
stressed during the heating period and pulled to failure 
either when hot or cooled. 
The results disclosed that the hot bond strength suffered 
less reduction in magnitude than the residual bond strength 
with temperature rise. The differences were less pronounced 
at lower temperature levels below 300°C probably because the 
residual strain which could cause further decline in the 
residual bond strength was lower over the lower temperature 
range. 
10. 8. 2. 2 Unstressed hot and residual bond strengths: deformed bar 
and no-fines concrete of 1: 8 mix proportion 
Figure 10.8e shows curves of maximum bond stress against tem-
perature relationship plotted for the results of the bond specimens made 
of no-fines concrete of 1: 8 mix with 12 mm diameter deformed bar. The 
test conditions were for unstressed hot and residual bond strengths 
respectively. 
There appeared to be not much change in bond strength between 
no-fines concrete (1 : 8 mix) and deformed bars when heated up to 300°C. 
Again above 300°C, a sudden drop in value occurred and it became more 
marked above 600°C. By 800°C less than 20% of residual bond strength 
remained. The decline in bond strength was greater for the residual 
bond strength. However, at lower temperature levels, the reverse effect 
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took place with the hot strength suffering greater loss. The general 
behaviour was similar to that of the bond strength between no-fines 
concrete of 1 : 10 mix and deformed bars (Figure 10.8d5). However, -l-kQ 
1: 10 mix appeared to perform better at the lower temperatures. 
10. 8. 2.3 Unstressed hot and residual bond strengths: plain mild steel 
and no-fines concrete of 1: 8 mix proportion 
Figure 10.8f shows curves that illustrate the relationship between 
maximum bond strength and temperature relative to maximum average 
bond strength at 20°C between no-fines concrete (1 : 8 mix) and 12 mm 
diameter plain mild steel bars. The tests were made under unstressed 
hot and residual conditions. 
The curves indicate that, in the temperature range from 20 to 
300°C, little change occurred in the bond strength for both test conditions, 
although a small rise did occur at about 100°C. Above this temperature 
range, however, a distinct fall in maximum bond strength was observed 
for both hot and residual strengths. At 500°C less than 50% of the 
strengths remained. 
The loss in bond strength was more serious for the residual corn-
pared with the hot condition. At 800°C, while the residual bond strength 
retained less than 10% of its original 20°C magnitude, the hot bond 
strength retained more than 30% of its original value. 
10. 8. 3 Comparison between no-fines concrete residual compressive 
strength, tensile strength and bond strength 
The relationship between the residual strengths (compressive, 
tensile and bond) of no-fines concrete and the concrete's mean tem-
perature (T m ) is shown in Figure 10.8h for a 1: 8 mix with the material 
unstressed during heating. The graph shows that both the compressive 
strength and bond strength displayed a similar variation with temperature 
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increase. Both curves show little change.in  value at lower temperatures 
with a slight rise up to 100°C and a rapid reduction in magnitude especially 
above 200°C. In the case of the leaner mix (1 : 10) the rapid reduction 
in strength did not occur until temperatures above 300°C were sustained 
(see Figures 10. 8e, d ). The rate of loss of bond appeared to be smaller 
than that of the compressive strength for reasons to be found in the 
analysis of results (Section 13.5). 
The tensile strength of the concrete behaved distinctly from 
the other two with a reduction in magnitude greater than those of the 
other strengths as temperature rose. The shape of the curve for the 
tensile strength was different from that of the others and portrayed 
a continued decline in value with rising temperature. 
The rate of decline in density with temperature was quite uniform 
through the range. The corresponding rates of strength loss were 
also fairly uniform especially above 300°C and suggested a relationship 
with moisture loss from the concrete. 
10. 8. 4 Effect of mix proportions on bond strength 
The effect of the compressive strength of no-fines concrete and, 
therefore, of the aggregate-cement ratio on its bond performance under 
heating was studied with specimens made from no-fines concrete of mix 
proportions of 1 : 8 and 1 : 10 respectively. The results were plotted 
as maximum bond stress against the concrete's mean temperature as 
shown in Figure 10.8i. The curves for the bond stress-slip relationship 
for the two mixes are shown in Figures 10.8a,b. 
It was established by the results that the behaviour of the bond 
strength of no-fines concrete under elevated temperatures was influenced 
by the aggregate-cement ratio. The bond strength of the stronger 
and richer mix (1 : 8) suffered greater loss in value in the lower temperature 
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range up to 400°C. At higher temperatures (above 400°C) the trend 
reversed and the weaker strength concrete, i.e. the leaner 1 : 10 mix, 
suffered greater loss in the value of its bond strength with rising tem-
perature. 
10. 8. 5 Effect of type of steel bar on bond strength 
The effect of type of steel bar or bar surface condition on bond 
strength under the influence of elevated temperatures was investigated 
by means of tests performed on 12 mm diameter deformed (tor-bar) and 
plain mild steel bars. The concrete mix was 1 : 8 and the tests were 
performed under test condition 4, i.e. for unstressed residual strengths. 
Figure 10.8j shows the relationship between the maximum bond strength 
and mean concrete temperature for both types of bar. Similarly, Figures 
10.8b.,c illustrate the relationship between bond stress and slip of the 
plain and deformed bars. 
As expected the bond of the deformed bar performed better than 
that of the plain bar. The variations in the bond-temperature relation-
ships were found to be almost similar for both deformed and plain bars 
over lower temperature ranges up to 300°C. At higher temperatures, 
the effect of temperature on the bond of the plain bar was more drastic 
and engendered severe losses as temperature increased. 
10.8.6 Development of thermal movement (5therm)  at the steell 
concrete interface during heating and cooling periods 
The concrete-steel interaction - at their interface during the heating 
and cooling periods for specimens heated to different furnace temperatures - 
was studied by measuring the development of thermal movement (Stherrn) 
or relative displacement between the bar and surrounding concrete at 
this bond interface. The total counts of acoustic emission (AE) from the 
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bond interface during the heating/cooling periods were also recorded 
together with the interface temperature (Ti), concrete mean temperature 
(T m) and the furnace temperature (Tf). 
Figure 10.8k 1 shows a typical curve that illustrates the develop-
ment of thermal movement ( 6  therm) between a steel bar and no-fines 
concrete at the bar/concrete interface during heating and cooling periods 
for a batch of four specimens heated to 800°C furnace temperature and 
cooled for 24 hours. The no-fines concrete for the specimens was of 
1: 8 mix proportion and the steel type was 12 mm diameter deformed 
bar. The specimens were heated in the unstressed condition. 
In general the 6therm  and associated AE were caused by the thermal 
incompatibilities between no-fines concrete constituent materials and 
the steel bar, i.e. by the differential thermal strains that occurred 
between: (i) cement paste - aggregate'; (ii) cement paste - steel bar; 
and (iii) aggregate - steel bar respectively during the heating and cooling 
cycles as well as by probable creep strain (for stressed specimens) 
caused by heat within the concrete and steel bar. No significant degrada-
tion occurred either in the concrete or bar during the heating and cooling 
periods and (for unstressed specimens) the bar came under no external 
loading. 
The relationships between the thermal movement ( 6 therm)' the 
AE and interface temperature (Ti)  are typified by the plots of 5therm' 
AE and Ti  all against time (Figure 10.8k1). The shape of the 6therm 
curve for the heating/cooling periods could be divided into four phases 
as follows: 
(a) For the initial heating up period, the shape of the curve in-
dicated that the direction of 6 therm  was positive for about 
2 hours (T 	100°C) of heating-up time up to the peak value 
239 	 - 
that corresponded with the point when the AE deve1opment 
became perceptible. 
The direction of the ätherm changed (downward) and 
became negative. The gradient of the curve was sharp 
(initially) and the negative movement continued for about 
4 hours (Ti = 570 0C). This was followed by a phase of 
the heating time when the rate of 6therm development 
slowed down as shown by the curve with a shallower grad-
ient up to the peak of negative movement. 
The direction of the curve changed (upward) after 6 
hours of heating time indicating a movement in a positive 
direction again. The movement in the positive direction 
continued for the rest of the heating up period, although 
the shape of the curve appeared to flatten out. 
The 6therm  movement was positive during the whole of the 
cooling period. The 6therm  was initially small for about 
2 hours, then it increased rapidly for up to 12 hours of 
the cooling period, after which it slowed down considerably. 
From there onwards, only minimal movement occurred up 
to the end of the cooling period. 
The general shape of the 6therm curve could be considered similar 
to that of cement paste under heating/cooling (see Section 6 . 3. 3) and 
would mean that shrinkage of the concrete appeared to predominate 
during the heating/cooling periods. This agrees with similar findings 
made by Diederichs and Schneider ' °13 for concrete of basalt aggregate 
(Section 9.3.4.3.2). 
The curves for the S therm  and AE evolved systematically for 
both the heating and cooling cycles. This could be interpreted to mean 
that interaction at the steel concrete interface as denoted by either 
parameter proceeded in similar fashion during the heating and cooling 
periods. 
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Figure 10.8k 2 shows the variation of temperature (Ti) and thermal 
movement ('5 therm) with time (t) for specimens stressed and unstressed 
during heating to 100°C furnace temperature. The curves show that 
the thermal movement was smaller when the specimens were stressed than 
unstressed during the heating. The curves also show that the thermal 
movement for the 1 : 8 mix was greater than that of the 1: 10 mix. 
10. 8. 7 Thermal movement versus temperature relationship 
Figure 10.89, shows the relationship between the thermal movement 
(6therm) and AE with change of temperature at the bond interface (Ti) 
during the heating up period of the unstressed (unloaded) specimens 
(see Section 10.8.6). 
The shape of the '5 therm  curve is similar to that obtained for 
the thermal movement versus time relationship (Figure 10.8k1). The 
shape of the curve could be examined in three stages: 
the initial positive movement up to its maximum at about 100°C 
corresponding to the initial expansion of the concrete; 
the change of shape of the curve and also movement from that 
of positive to negative change between 100-500°C correspond-
ing to a shrinkage phase in the concrete, i.e. the stage when 
the concrete began to lose moisture through evaporation and 
\ 	dehydration; 
the third path of the curve indicated positive movement again 
between 500-750°C and corresponded with the end of the period 
of shrinkage in the concrete, i.e. the stage when the concrete 
had lost most of its moisture through heating and also when 
chemical change occurred in the aggregate and cement paste. 
Comparison of the shapes of the 6therm  and AE curves (which 
were similar but in mirror image form) suggests that the level of interac-
tion at the bond interface was related to the acoustic emission produced. 
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The highest average interface temperature attained during the 
[heating for the 800°C furnace temperature as found tó be about 750°C 
whilst that of the concrete mean temperature was about 780°C. Similar 
results for other test temperatures are provided in Table 10.4. The 
results, as demonstrated by the temperature plateau (Figure 10.8m1), 
suggested that a heat-soaking period of not less than 3-4 hours at maxi-
mum furnace temperature was required to attain a uniform or steady 
state temperature distribution at the bond interface for this type of 
concrete. The results indicated also that the rise of temperature at 
the bond interface was delayed to a considerable extent. 
The curve in Figure 10.8m 2 forms an envelope indicating the highest 
and lowest bond interface temperatures for each test furnace temperature 
level. This curve could be used to determine the highest temperature 
at the bond interface during heat-soaking at any other furnace temper-
ature within that range. 
10. 8. 9 Internal temperature distribution 
A typical temperature distribution inside the no-fines concrete 
specimen [heated toa800°Cfurnacetemperature  is shown in Figure 8.6. 
Detailed description of this is provided in Section 8.7. 
The curves show that the internal temperature distribution at 
the bond interface increased at a much slower rate than the temperature 
at the external face of the specimen exposed to the heating. 
It could be deduced from the results that the temperature gradient 
after 2 hours heating was about 2.27°C/mm with the external surface 
being hotter than the internal layers. An examination of the results 
shown in Figure 10. 8m 1  indicated further that initially the rate of tem-
perature increase at the bond interface after 2 hours heating was about 
0.58°C/mm (Ti = 100 0C), whilst that in the furnace was about 2.0°C/mm 
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(Tf = 270 0 C). The bond interface rate increased - though that of the 
furnace remained at 2 0C/mm - as the concrete continued to lose moisture 
with rise in temperature up to a maximum value of about 1.57 0C/min  
(Ti= 690°C) after which the rate dropped when the concrete had lost 
most of its moisture. The interface rate reduced to 0.11OC/min during 
the heat-soaking period shown as a plateau on the curve for the interface 
temperature (Ti) (Figure 10.8mi). 
10. 8. 10 Mode of failure in pull-out specimens 
10.8. 10. 1 Pull-out specimens: plain bars 
The photographs in Figures 10.9a-k all indicate the general state 
of the bond pull-out specimens which had been investigated at various 
temperature levels with particular attention to their plain mild steel and 
deformed bars. These specimens were split open during tensile splitting 
tests performed on them after completion of the bond pull-out tests, 
i.e. after bond failure (Section 8.7). 
It could be observed from the photographs in Figures 10.9a1-h1 
that for the plain bars, the general mode of failure in the pull-out speci-
mens was by bond failure through slippage or pulling of the bar out of 
the concrete specimen. This occurred as a result of cessation of adhesion 
between the bar and the no-fines concrete, i.e. separation of the concrete 
from the steel bar. 
No indication of damage either by cracks or crushing of the con-
crete surrounding the bar appeared. There was no splitting in the 
concrete also. However there appeared to be some indication of damage 
to the coating of cement slurry (which was applied to the surface of 
the bar before casting) probably because thermal loads had induced 
crack failure in the cement matrix /aggregate bond. 
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10. 8. 10. 2 Pull-out specimens: deformed bars 
Figures 10.9a 2 -h 2 all display the condition of pull-out specimens 
with deformed bars in 1 : 8 and 1 10 mixes for various temperature 
levels after bond pull-out test failure. The specimens were all split 
open (see Section 8.7). 
The test results (Section 10.8) suggest that the manner of failure 
of the specimens were all by bond failure as a consequence of slippage 
of the bars from the concrete specimen. There would appear to be an 
indication (Figures 10.9a 2 -h 2 ) suggesting that some crushing of the con-
crete (in particular the matrix) surrounding the bar at the bond inter-
face had occurred especially for the specimens tested at temperature 
levels above 500°C. This could imply that the probable cause of bond 
failure for the deformed bars was by crushing of the surrounding cement 
matrix. 
In comparison with the plain bars, the deformed bars displayed 
greater resistance to movement or slipping of the bar out of the concrete 
whereas the plain bars were more easily pulled out of their concrete 
not long after the slip failure commenced. 
There were no indications of cracks or splitting in the concrete 
surrounding the bar as was observed for the plain bars. 
10. 8. 10. 3 Thermal cracks in pull-out specimens 
Figures 10.9i 1 j1 1 j 2 show the residual condition of pull-out speci-
mens which had been heated and tested at temperature levels of 600°C 
and 800°C. Visual examination of these specimens revealed scaling and 
hairline cracks in the cement matrix. This would suggest that, when the 
concrete was heated to temperatures above 600°C, the cement matrix started 
to flake off the stone aggregates (Figures 10.9i,j 1 ,j 2 ) due to thermal 
stresses. Also cracks developed in the matrix (Figures 10.9j 1 [bottom],j 2 ) as 
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a result of thermal loads and first appeared as hairline cracks but in-
creased in extent as the temperature rose. 
Figure 10.9i indicates also the change of colour from grey to 
whitish grey that occurred in the heated concrete after it was cooled 
down to room temperature. 
10. 8. 70. 4 Residual condition of steel bars heated to 500°C, 600°C 
t-rnr/ RoU°C 
Figure 10.9k demonstrates the typical residual condition of some 
pull-out specimen bars which were heated and tested at temperature 
levels of 500°C, 600 0 C and 800°C. These bars were removed from the 
concrete specimens after completion of the bond test. 
It is to be observed that the cement slurry coatings on the surface 
of the bars were destroyed because each coating peeled off the bars 
especially in the 800°C test. For the steel bars themselves there were 
no indications that they suffered any physical damage. 
10. 8. 11 Effect of duration of heating at test temperature 
Figure 10.8g shows the influence of heat-soaking time (temperature 
dwell) after the normal heating time required to reach the test (furnace) 
temperature. 
It can be seen from the curves that below 300°C, specimens given 4ktz.. 
1 hour heat soaking suffered lesser reduction in bond strength with 
rising temperature whilst the 4 hour heat soaking time generated more 
reduction. However, above 300°C, the situation was reversed with 
the 4 hour heat soaking time causing a smaller loss. 
The duration of heating at test temperature had some detrimental 
influence on the bond strength but this diminished as loss of moisture 
from specimens increased. 
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10.9 Summary 
This experimental study was conducted to determine the effects 
of elevated temperatures on the bond between no-fines concrete and 
steel reinforcement. Little is known about the response to fire of re-
inforced no-fines concrete structures. This, therefore, represents 
an attempt to provide some such information. 
A total of 320 pull-out circular cylindrical specimens were used. 
No-fines concrete of 1 : 8 and 1 : 10 mix proportions with 12 mm diameter 
size plain mild steel and deformed steel bars were employed. The speci-
mens were cast in the vertical position on a specially prepared platform 
(table). Various test conditions were considered and the test procedure 
was as recommended by BS.CP.110 and by the RILEM/CEB/FIB Committee 103 . 
The following observations were made from the test results: 
The bond strength was found to decrease with increase in temperature 
generally. 
The effect of temperature on the bond strength was minimal up to 
a temperature level of 300°C. Above 300°C, the bond strength 
showed a remarkable decline in value - with the deterioration worsen-
ing at higher temperatures. 
The behaviour of the ultimate bond strength of no-fines concrete - 
especially the underlying pattern - was found to be similar to that 
of the ultimate compressive strength. 
The reduction in the ultimate bond strength with temperature rise 
was smaller than the corresponding reduction in the ultimate com-
pressive strength. The tensile strength showed the worst perform-
ance with temperature increase. 
The cement-aggregate ratio had a significant effect on the bond 
strength at high temperatures with the richer (1 : 8) mix suffering 
greater reduction in magnitude compared with that of the leaner 
(1: 10) mix. At higher temperature levels above 400°C, however, 
the lean mix showed greater loss in bond strength value. 
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Deformed steel bars performed better compared with plain steel 
bars. 
The bond specimens which were under stress during the period 
of heating showed smaller reduction in bond strength with increase 
in temperature compared with the unstressed ones. This effect 
was more significant at temperature levels above 300°C. Below 
300°C the reverse effect occurred in some instances. 
At higher temperatures, the hot bond strength experienced a 
smaller reduction than the residual bond strength even though 
they both dwindled with temperature. Consequently the residual 
bond strength's additional loss occurred over the cooling period. 
At lower temperature levels (below 300°C) the hot bond strength 
instead suffered the greater reduction in value in certain instances 
(see Section 13.5). 
The internal concrete temperature at the bond interface was found 
to increase at a much slower rate than that of the concrete surface 
exposed to heating, i.e. the concrete surrounding the bar provided 
good insulation which delayed the rise in temperature at the inter-
face and any failure that occurred in the bond during heating. 
A minimum of 3-4 hours heat soaking or temperature dwell at maxi-
mum furnace temperature was required to provide uniform or steady 
state of temperature at the steel/concrete interface. 
The differential thermal movement (6 therm) between the concrete 
and steel was not a linear function of temperature but appeared 
to increase with rising temperature. 
The concrete-steel interaction - at their interface during the heating/ 
cooling cycles - was indicated by the differential thermal movement 
between the concrete and steel. 
The variation in the bond strength of the no-fines concrete in 
the heated pull-out specimens at high temperatures appeared to 
be caused mainly by internal stresses which were induced by the 
differential thermal movements of the concrete (constituents) and 
steel bar. The influence of thermal incompatibility on the bond 
strength was minimal below 300°C. At higher temperatures of 500-
600°C, the variation was influenced by the chemical changes that 
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occurred in the cement paste (decomposition of calcium hydroxide) 
and the aggregates (ct to quartz transformation). 
The basalt aggregates appeared to influence the effect of tem-
perature change on the bond strength of no-fines concrete. The 
adhesion bond was less affected by the heating even up to higher 
temperatures. 
The differential thermal movement in specimens, which were heated 
under stress, appeared to be greater in magnitude compared with 
the unstressed ones. This would indicate the presence of creep 
strain at the bond interface of the specimens heated under stress. 
The mode of bond failure between the steel bars (plain and deformed) 
and no-fines concrete was slippage of the bars out of the concrete 
specimen. The resistance to slippage was stronger for the deformed 
bars; the plain bars pulled out completely and with less difficulty 
from the concrete. 
No-fines concrete - when heated above 600°C - would develop thermal 
cracks and the cement matrix would start to flake off from the 
aggregates. Such conditions were more severe in the residual 
condition at 800°C. 
The total differential thermal strain over the cooling period appeared 
to be greater in magnitude compared with that over the heating 
period. This would suggest that extra internal stresses were induced 
at the concrete-steel interface during the cooling period. 
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CHAPTER 11 
EXPERIMENTAL INVESTIGATION 5: APPLICATION OF ACOUSTIC 
EMISSION TECHNIQUE TO STUDY BOND PERFORMANCE BETWEEN 
NO-FINES CONCRETE AND STEEL AT ELEVATED TEMPERATURES 
11.1 Introduction 
- 	The acoustic emission (AE) testing technique is a relatively new 
non-destructive test (NDT) method for monitoring the quality of engineer-
ing materials and structures - especially for locating cracks whose propaga-
tion might lead to structural failures"" . . The principle upon which the 
AE testing technique is based derives from the phenomenon in engineering 
materials whereby, when materials are subjected to stresses, they release 
elastic energy in the form of stress waves just as deformation and cracks 
start to develop 11.2 The elastic stress waves released travel in all direc-
tions and correspond with the degree of failure or crack development 
at localised points within the material 113 . The stress waves emitted can 
be audible as sound; however with certain materials, the waves gener-
ated may be too weak or of too high a frequency to be detected without 
the aid of sensitive electronic monitors. Hence the application of the 
principle for material testing is by employing sensitive monitors to detect 
the elastic waves generated as deformations occur in structures under 
loading. 
Acoustic emission can, therefore, be simply explained as the 
phenomenon whereby materials under stress emit sound as they fail, 
e. g. the sound made by a breaking piece of wood. It is usually measured 
in units of counts, where a count represents the excursion of a signal 
amplitude from a transducer above a pre-set threshold (level). For any 
material, the number of counts represents the measure of total significant 
acoustic emission for a particular event. 
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The AE techniques have long been used to detect cracks and flaws 
in welded pressure vessels and to study metallic as well as non-metallic 
materials and structures". The use of the AE technique to study 
concrete, however, has been sparse"". Mindness 111 used AE and ultra-
sonic pulse velocity techniques to monitor the structural integrity of 
concrete. Spooner and Dougill 11 also used the AE technique to detect 
damages in concrete during compressive loading. It has also been used 
recently to study interaction between concrete and steel under heating 
by Diederichs and Schneider 	as well as Royles, Morley and Khan 116" 7' 118" 9 
A brief review on the use f the AE technique to study bond behaviour 
at high temperatures is provided in Section 11.2. Further information on 
the general background of AE and the range of its applications in the 
engineering field are provided in works by ASTM 113 , Williams 112 , Khan 113* 
Greig 11 ' ° . and Christie 
There are, however, certain limitations on the use of the AE 
technique for testing concrete structures. It is suggested by Mindness 11 ' 
that the technique is not sensitive enough to detect the early stages 
of deformations. It indicates cracking only at relatively advanced stages 
of the failure process. Also high frequency background noise can lead 
to misleading results. 
The objective of the present work is to study experimentally the 
applicability of the AE technique for examining the bond behaviour of 
a reinforced concrete (no-fines) under mechanical and temperature stresses 
at normal and elevated temperatures. 
The scope of the investigation extends to measurement of both 
slip (i.e. the relative or thermal movement between steel and concrete) 
and AE counts during heating and cooling cycles as well as the bond 
pull-out tests. The results obtained will enable comparisons to be made 
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between the AE and bond slip. These results could allow also an assess-
ment to be made of the capability of the AE technique as a viable alter-
native to the traditional method of examining bond degradation between 
concrete andstee1. JA brief review of previous work in this field precedes 
the experimental investigation. 
11.2 Review of previous work 
Diederichs and Schneider" 5 , in their investigation into changes 
in bond behaviour due to elevated temperatures, used a sound emission 
analysis (SEA) technique to study the crack-development at the concrete/ 
steel interface. The variation of temperature, AE total counts and the 
differential thermal movement between the steel and concrete during 
the heating and cooling periods were studied. 
The results showed that the total AE counts, during the heating 
cycle, were similar to the differential thermal strain between the steel 
and surrounding concrete. It was suggested that thermal incompatibility 
was, therefore, the main cause of the deterioration that occurred in 
the bond. The AE counts indicated that further cracking occurred 
during the cooling period but this cracking was relatively small because 
most of the deterioration in the concrete occurred during the heating 
period. 
Royles et ci. 116, 11.7, 118, 119 used the AE technique in their examina-
tion of the influence of elevated temperatures on the residual bond strength 
of concrete. During the tests, the AE and slip were measured simultan-
eously. 
Their results showed that the curves that illustrated the bond-AE 
relationships were of shapes similar to those of the bond-slip relation-
ships. This made them suggest that the AE and bond slip were correlated. 
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These researchers intimated that the AE technique could be a useful 
NDT method for evaluating fire-damaged reinforced concrete structures. 
11.3 Test specimens 
The test specimens are described under Section 10.3 and summary 
of the test programme is provided in Table 10.1. 
11.4 Test equipment and procedure 
The outline of instrumentation and the general test arrangement 
for the experiments are shown in Figures 10.7 and 10.4b respectively. 
The equipment for the instrumentation is described under Section 10.6.5. 
The procedure for the tests are set forth in Section 10.7. 
11.5 Test results 
Figures 10.8k1-m2, 11.1al-c2 and 11.2a1-c2 all present some typical 
experimental results of the bond pull-out tests to demonstrate: 
development of acoustic emission (AE) during heating/cooling 
period, i.e. AE-time relationship; 
AE counts versus temperature relationship during a heating 
period; 
Bond stress versus AE counts relationship; and 
AE counts versus bond slip relationship. 
The results were obtained with pull-out specimens made of 1 : 8 
and 1 : 10 mix no-fines concrete of basalt aggregates and reinforced 
with plain and deformed steel bars, all of which were examined under 
various test conditions and temperatures (Section 10.2). 
A summary of the maximum bond and AE values is provided in 
Table 10.3. Descriptions of these results are provided in Sections 11.5.1 
to 11.5.4. 
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The results given here represent a limited number of outcomes 
selected from the total pull-out tests conducted. However, it has to 
be emphasised that the data presented here are typical of the general, 
results obtained. 
11. 5. 1 AE counts versus time relationship 
Figure 10.8k 1 shows a graph that illustrates a typical relationship 
between the acoustic emission (AE) and time (t) during heating and 
cooling periods for specimens heated to 800°C. These results demonstrate 
the relationships between 6therm  and Ti over time (t), as presented 
in Section 10.8.6. The relationships help establish the interaction at 
the bond interface during heating/cooling cycles. 
It can be seen from the AE-time curve that there was very little 
development of acoustic emission during the early stages of heating - 
i.e. the first 2 hours of the heating period. At about 100°C (Ti), the 
AE became perceptible; this development coincided with the peaking of 
marimum differential thermal (positive.) movement that occurred during the 
early stages of the heating. This would suggest that, up to the point 
when the concrete experienced its peak expansion (i.e. during the early 
stages of heating), the differential movement at the bond interface was 
not effective enough to cause any cracking and so very little AE was 
generated. 
Fromthe second hour of heating, the AE began to show gradual 
but appreciable development with time. This continued for about two 
more hours after which the rate of AE development increased sharply 
as indicated by the steep gradient of the curve between the fourth and 
eighth hours of heating time. Also from the eighth hour to the twelfth 
hour of heating time, the rate of AE signal output slowed down as shown 
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by the more gentle gradient of the curve during this phase. From this 
stage up to the end of the heating period, the AE curve flattened out 
to assume a plateau shape. The considerable slow down in rate of AE 
signal output coincided with the stage during which 6therm  movement 
changed again from negative to positive. This period formed part of tem-
perature dwell time. By the end of this stage the thermal movement had 
slowed down considerably; hence only minimal AE signals were being 
generated. 
For the first 8 hours of the cooling period, the AE curve indicates 
that a great deal of emission evolved with time as shown by the shape of 
the curve especially its steep gradient. This was followed by 12 hours 
of gradual reduction in the acoustic emission as shown by the reducing 
gradient of the curve. From this stage to the end of the cooling period, 
the curve shows continuous flattening in its gradient to indicate a very 
substantially reduced AE activity. This is substantiated by the 6 therm 
development which also slowed down considerably as indicated by the 
plateau shape of its curve towards the end of the cooling period. 
Figure 10.8k 2 shows the variation of AE with time for pull-out 
specimens stressed and unstressed during heating up to 100°C of furnace 
temperature. The curves for those specimens stressed during the heating 
period appear to indicate smaller levels of acoustic emission. This result 
was as expected because from the same graph it was found that the 
therm of specimens stressed during the heating period was smaller 
than in the unstressed ones. The probable explanation for this could 
be that creep strains were induced in the specimens stressed during 
the heating period. The results indicated, further, \ that 1 : 10 mix speci-
mens developed less cracks compared with those of 1 : 8 mix. This is 
shown by comparison between the curves for the two mixes wherein the 
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1: 8 mix indicated a greater amount of AE during the course of heating 
the specimens. 
11. 5.2 AE counts versus temperature relationship 
Figure 10.8p. shows the relationship between the acoustic emission 
(AE) and the bond interface temperature (Ti). On the same figure 
is shown the variation between thermal movement (therm)  and the interface 
temperature (Section 10.8.7). These curves pertain to the heating period 
for specimens made of 1 : 8 mix no-fines concrete and 12 mm diameter 
deformed bars heated to 800°C of furnace temperature. 
From Figures 10.8k,i, it can be seen that the forms of "AE-T" 
and "AE-Time" curves are similar over the heating up period. This 
would suggest that the development of AE with heating time was a non-
linear function of temperature and that the AE increased with rising 
temperature. 
The "AE-T" curve appears, from visual examination, to display 
three distinct stages of development. The initial segment of the curve 
suggested that below 100°C (Ti) very little emission took place. This 
agrees with the early phase of heating when expansion occurred in the 
concrete as well as when positive but small thermal movement evolved 
at the interface. The next distinctive phase of AE development appeared 
between 100 and 600°C, i.e. the period when the concrete began to 
shrink from loss of water. Firstly, there was a gradual and continuous 
increase in the AE signals from around 100°C. After this there was 
a marked increase in the rate of AE between 100 and 200°C as indicated 
by the steep gradient of the curve. This was followed by a period when 
the rate of AE slowed down between 300 and 400°C. The shape of the 
AE curve levelled off between 500 and 600°C, and suggestq that very 
little increase in the AE activity was taking place. This stage coincided 
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with the juncture at which the thermal movement displayed its peak 
negative movement and at the same time changed from negative to positive 
movement again. From a temperature level of 600°C up to the end of 
the heating period, i.e. the stage over which the concrete expanded 
again, the rate of AE signal output diminished substantially as shown by 
the flattening up of the curve. Also the 6therm,  at this stage, displayed 
gradual levelling off which suggests there was very little relative move-
ment between the steel and concrete. 
11. 5.3 Bond stress - AE relationship 
Figures 11. la 1 —ca show a family of curves drawn to illustrate the 
relationship between bond stress (Gb)  and acoustic emission (AE) total 
counts. The graphs set out typical bond stress - AE curves which demon-
strate the influence of each test condition on 1: 8 and 1: 10 mix no-fines 
concrete containing deformed and plain bars. The results have been 
presented in "ob-AE" form to allow a comparison to be made with similar 
rsults for "Gb-h"  relationships established in Section 10.8.6. From 
this exercise it might be established whether the AE technique could be 
used to examine the behaviour of bond in a reinforced concrete structure. 
All the curves manifest similarity in their form, i.e. they demon-
strate variation with temperature change. The shape of the curves 
clearly testify to a decline in the bond stress with rising temperature. 
The reduction in the bond stress is negligible below 300°C but becomes 
very substantial around 800°C. The curves reveal also that the AE 
total counts increase with bond stress for each test temperature level. 
Curves for 20 to 300°C have steeper gradients compared with those 
for higher temperature levels (500 to 800 0C); this indicates the superior 
resistance of the former to temperature influence. 
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It could be seen by comparison that the shapes of the bond stress - 
AE and bond stress- sup curves (Figures 10.8a-c and 11. la-c) are all 
similar. This suggests that the magnitudes undergo identical variation 
with temperature change, i.e. each type of curve shows the same order 
of reduction in the magnitude of the bond stress with rising temperature. 
Figures 11. 1c,c2 show results for the plain bars while Figures 
11.1a1-b2 exhibit the results for the deformed bars. It could be seen, 
by comparison, that the results for the plain bars fell below those of 
the deformed ones. The maximum AE total counts recorded for the plain 
bars were smaller compared with those for the deformed bars; this 
vindicates the superior stiffness of the bond strength of deformed bars 
as well as their greater resistance against being pulled out. 
Figures 11.1b1,b2 also compare. ab-AE  curves for specimens tested 
unstressed in the hot state (for unstressed hot strength) and those 
tested unstressed when cooled to room temperature (for unstressed 
residual strength). It could be seen that the bond strengths were greater 
for the unstressed hot strength tests compared with those obtained in 
tests for unstressed residual strength. 
Additional graphs illustrating the relationship between bond stress 
and AE are shown in Figures 11.2a1 -b2 
11.5.4 AE versus slip relationship 
Figures 11.2a1-b2 set forth graphs that express variations between: 
bond stress (ob)  and AER; 
bond stress (°b)  and slip; and 
AER and slip; 
AER is the ratio of AE counts at a given bond stress to the AE total 
counts for the maximum bond stress. The results were presented in the 
above manner to help establish the inter-relation between the AE and 
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The bond stress - AER curves bear close resemblance in shape 
to those of the bond stress - slip curves. The bond stress - AER curves, 
however, show a slightly steeper gradient in particular at their early 
stages. The similarity in the shape of the two curves would suggest 
that both the AE output from the steel-concrete interface and the relative 
slip between the bar and concrete for any bond stress were interrelated 
and could be reciprocated. 
As could be seen from AER - slip curves, the AE output increased 
with bond slip and as the bond slip became very large the AE increased 
rapidly and tended towards infinity at failure. The AER versus slip 
curves also symbolise an almost linear relationship. The linear relation-
ship was extremely close at higher temperature levels (Figure 11.2b). 
The linear relationship exhibited by the curves for the AER versus 
slip reinforces the suggestion that the AE (output) and slip were correl-
ated and could be interchangeable. 
11.6 Summary 
This experimental study was made to assess the applicability of 
the acoustic emission (AE) technique as a viable non-destructive testing 
(NDT) method for examining the reactions of the bond between concrete 
(no-fines) and reinforcing steel subjected to mechanical and thermal 
loading. For the purpose of establishing the viability of the AE technique 
for investigating bond performances, both AE and bond slip (L) were 
measured during the bond tests. By comparing these two parameters 
it was hoped to establish the relationship between them and hence validate 
the capability of the AE approach. 
Cylindrical pull-out specimens, each 150 mm in diameter and 300 mm 
long (bond length), were used. Materials for the specimens were: 
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no-fines concrete of whinstone aggregate and ordinary Portland cement 
in 1: 8 and 1: 10 mixes reinforced with 12 mm diameter size plain and 
deformed bars. The temperature levels of operation ranged from 20 to 
800°C. The test variables were suitably adjusted for the study of: 
specimens stressed and unstressed during heating; and 
specimens tested while hot or when cooled to room 
temperature. 
The following observations were made on the test results obtained: 
Development of acoustic emission (AE) at the bond interface during 
heating/cooling cycles appeared to be' similar to the corresponding 
relative thermal movement (S therm) between the bar and surround-
ing concrete. 
AE was not a linear function of temperature but appeared to 
increase with rising temperature. 
The variation of AE with temperature change during the heating 
up period appeared to correspond with differential thermal strain 
changes that occurred between the concrete (constituents) and 
steel due to temperature-induced loads. 
(vi) The AE appeared to increase linearly with bond slip. 
It could be suggested that the AE and bond slip are interrelated 
and may be correlated. 
The correlation between AE and 6therm  during heating/cooling 
periods suggested that formation of cracks at bond interfaces 
could be caused by differential thermal strain. 
During the cooling period, further AE signal output evolved. 
This would suggest that additional cracks were developed at the 
bond interface during the cooling period. 
The variation between bond stress and AE with temperature was 
similar, to that between bond stress and bond slip. 
The AE technique could be considered as a viable NDT procedure 




ANALYTICAL INVESTIGATION OF BOND BEHAVIOUR AT THE 
ANCHORAGE ZONE OF REINFORCED NO-FINES CONCRETE 
AT HIGH TEMPERATURES 
12.1 Introduction 
Two basic conditions "*' that govern the existence of reinforced 
concrete as a structural material are: 
(1) the coefficient of thermal expansion of concrete and 
steel are approximately the same; and 
(ii) the possibility of interactions occcurring at the 
interface between the reinforcing bars and the 
surrounding concrete. 
Whilst the first condition is satisfied by the materials' characteristics 
under normal temperature conditions (but not entirely at higher tem-
peratures - see Section 7.3.2), the second is not yet well understood 
and so it is still the subject of more extensive research. Large amounts 
of experimental research (see Section 9.2) and to a limited extent 
theoretical studies 121122 have been devoted to the examination of bond 
within its field and other areas of its application. The early investigators 
of bond were discouraged from pursuing the theoretical analysis approach 
by the difficulties of determining experimentally the strains that occur 
in the concrete surrounding the steel bar ' 2 ' 3 . However, the use of 
deformed bar6 in reinforced concrete construction accelerated the scope 
of research on iond - in particular the analytical aspect of it. 
At the beginning and for a long period of time, the upper most 
interest was placed on the general effectiveness of concrete-steel bond. 
Later on, however, attention was directed to bond mechanisms, interface 
stresses and relative displacements (see Section 9. 2). 
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Modern interest in the analytical invèstigàtion of the various 
aspects of bond mechanisms have attained greater momentum as a result 
of the opportunities offered by the finite element method '27' 12- 8, 12- 9, 12.12 
and the application of computers in the research and design of reinforced 
concrete structures. 
The bond stress versus slip relationship (i.e. bond-slip law) 
is one of the basic constitutive properties required in the non-linear 
finite element analysis of reinforced concrete structures 121 . The bond 
slip laws are idealisations of the experimental behaviour of bond 123 
Hence the bond laws have been derived mainly from experimental data 122 
These relationships can be used to calculate the bond distribution at 
anchorage zones of reinforced concrete structural members 1216• 
To help determine the stress distributions a mathematical model 
in the form of a differential equation is derived. This equation estab- 
lishes a relationship between bond on a length of steel bar (x) embedded 
in concrete and the relative displacement ( ), between the bar and 
the concrete. 
,T he analytical study and application of the bond stress-slip 
relationship or bond law at ambient temperature was first proposed by 
Rehm 12-2  in 1961. Since then other notable works have been undertaken 
by Nilson 123 ' 125127 in 1968-80; Edwards and Picard l 2 kin  1972; Martin 128 
in 1973; Watstein and Bresler' 2 ' 3 in 1977; Tepfers' 2 ' 2 in 1979; Somayaji 
and Shah 12 ' in 1981; and others' 22 ' 22 . In the most recent works, 
the analytical approach has been extended for the study of bond behaviour 
at high temperatures by Rostasy and Sager ' 22° in 1982; Morley and 
Royles'221' 12.22  in 1982-83; Khan 12-23  in 1984; and Sager ' 22 in 1984. 
The objective in this work was to undertake an analytical study 
or investigation (theoretical analysis) of the effect of high temperatures 
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on the bond behaviour in the anchorage zone of reinforced no-fines 
concrete structures. To do this a theoretical method (which could be 
computerised) was chosen because it was capable of determining the 
distribution of bond stress, steel stress, concrete stress and relative 
slip along the reinforcing steel bar if processed or operated with previous 
experimental data. The study was limited to data for unstressed residual 
bond stresses only. 
12.2 General differential equation: bond-slip relationship 
The derivation of the, basic differential equation showing the relation-
ship between bond stress and slip is based on the approach adopted 
by Somayaji and Shah ' 2 ', and Tassios and Yannopoulos 125 
Consider a section of a long reinforced concrete member, which 
is subjected to uniaxial tension force (P) 12.13 -12•15 as shown in Figure 
12.1(a). It is assumed that the axially loaded member is cracked and 
isolated into smaller elements and one of these separate elements of length 
() is considered (see Figure 12.1b). 
Considering the element between two cracked faces, the steel 
reinforcement and concrete are seen to be subjected to a varying tensile 
stress (Figure 12.1c). 
(a) Equilibrium of forces: 
At any section distance x from a cracked face (i.e. a datum); 
the applied load (P) is sustained partly by the reinforcing steel (5) 
and partly by the concrete matrix (1cx) The equilibrium of the hori-
zontal forces at XX can be written as: 
sx + cx 	 . . . (12. 1) 
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W Stress-strain relationship: 
From stress-strain relations - assuming both concrete and steel 
are elastic: 
_ 	P GsX = 	 as ; at x 0, CSX 	- 
- _ AsEs 
ESX = 
	-;; --- 	AsEs 
°cx - 	at x = 0, Ccx = 0 PCX CCX = •j — AcEc 
where CCX, CSX and °cx °sx are the strains and stresses in concrete 
and steel at distance x from the datum crack, and EC , Es are the Young's 
moduli for concrete and steel. 
AE 5 C = A SE S C SX  + ACEc CCX 
A s 	 Es 
put - = , and - = m 
Ac Ec 
As E5 	As E5 
by Ac  and Ec , i.e. -• - • C5 = -. 	+ CCX 
Ac Ec Ac Ec 
Tj • m • C5 = ni.n CSX + CCX 
i.e. Ccx = m.fl(Cs - CSX) (12.2) 
(c) Compatibility of displacement: 
The relative displacement between steel and concrete, i.e. the 
local slip at any section XX distance x from the datum or cracked section 
(Figure 12.1e) is: 
AX = ASX 	Acx 
= (/2 Csx X - 	2 CCX X 
1/2 i.e. AX = 1x 	CCX)X (12.3) 
where CSx  and Ccx are the strains in steel and concrete at distance X 
from the datum section XX respectively (Figure 12. id), and so 
C 	- CCX 	 - 	 . . . ( 12.4a) 
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Substituting equation (12.2) into (12.4) 
aLx = Esx - mri(c5 - Esx) 
ax 
= ESx - mric5  +mnESX 
i.e. 	= 	l 4- n) - mnE5 
ax 
and since Es  is a constant or boundary value, 
a 2 A 	 aESX 
= (1+mri) 
ax 2 ax 






As.Es.Bcsx 	 . . . 
( 12.6) -Ox = 	Eo.d 
where Zo is the surface area of bar per unit length. Substituting (12.6) 
into (12.5), 
= (1 +mfl).abX.Eo/ASES 
put 	K 1 = ( 1+m)o/A 5E 5 
then for a single circular reinforcing bar of dia. d, 
K1 = (1 +m).fl.4d/fld2.E5 





a x 2 
= Ki.cn-x 	 . . . ( 12.8) 
Equation (12.8) represents the fundamental relationship between 
the second derivative of a local slip (Ax)  and local bond stress (°bx)• 
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Assumptions made in deriving equation (12.7) are: 
(1) steel and concrete behave elastically; 
no cracks or discontinuities exist in the section-under considera-
tion, i.e. stresses csx  and GCX  are functions of x; 
stresses in concrete (o) are uniformly distributed over the 
cross-sectional area Ac; 
shearing distortions in the concrete are ignored; 
no particular bond-slip relationship or bond characteristics are 
assumed in deriving equation (12.8). 
A solution to equation (12.8) must satisfy the boundary conditions 
given below 12,14: 
Ax = 0 at x =Z , because of symmetry; 
from equation (12.4), 	= 	s, at x = 0; 
from equation (12.4), Ax = 0, at x = / 2 
(iv) 1 from experiments 12.13, 12•1+, it is noted that bond stresses are zero 
(v) at the cracked face and at the centre of the segment. 
12.3 Methods of solving the differential equation 
Two optional analytical methods for solving the basic differential 
equation representing the bond behaviour at concrete-steel interface 
are considered below. 
The first approach is based on the assumption that there is a 
unique relationship between bond stress (cbx)  and slip (Ax)  (bond-slip 
law), and that the relationship can be represented by a mathematical 
model or function, i.e. the bond is considered to be a function of the 
slip 1221213, 12.15_12.24 
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The second approach is based on a contrary assumption that there 
is no such relationship but that a mathematical model or function can 
be used to represent the bond stress distribution. The bond stress 
is considered to vary non-uniformly along the steel bar, i.e. a non-
uniform variation of the bond stress along the bar is assumed to be 
represented by a function 12 ,14, 12.19 (see Section 12.3.2). 
The derivation of mathematical modal equations to represent the 
relationship between bond stress and slip (bond-slip equation) is normally 
based upon experimental results. 
Figure 12.2a shows typical bond-slip curves and corresponding 
analytical equations suggested by various researchers as reported in 
the work of Sager 122 . 
The analytical approaches allow predictions to be made about the 
following for a reinforced concrete member in the anchorage zone: 
(1) the distribution of bond stress, concrete stress, steel stress 
and slip along a steel bar length; 
effect of temperature on anchorage length of a reinforced con- 
crete member exposed to heat; 
crack-formation in concrete adjacent to deformed bars; 
dimensions of cracks, i.e. spacing and widths, on bar surface. 
12.3. 1 Method of solution by bond-slip law 
This method of solving the basic differential equation (12.5) is 
based on the assumption of a bond stress versus slip relationship. It 
is considered that, at every point along a steel bar inserted in a mass 
of concrete, there is a unique relationship between local bond stress 
(cbx) and local slip (A)' 2 ' 5 . This concept appears to be the generally 
accepted approach to a solution by most investigators 12.2, 12.8, 12.13, 12.15, 
12.16 , 12.18 
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By this method, the bond characteristics at the steel-concrete 
interface are defined by a bond stress-slip relationship that can be 
modelled or represented mathematically as: 
	
°bx = f(Ax) 	 . . . ( 12.9) 
where A x = slip or relative displacement between steel and surrounding 
concrete at a distance x from a datum. 
Assumptions for the bond-slip relationship are: 
the influence of stresses on the bar surface due to shrinkage, 
local surface roughness, or other effects which may influence 
resistance to slip is neglected; 
the effect of stress history (shrinkage/ creep) and other time 
effects on resistance to slip are also neglected. 
Equation (12.9) defines what is known as the bond-slip law; by 
this a function can be established to relate local stress and slip along 
• reinforced concrete member. Since the analytical modelling of such 
• function on bond behaviour is normally based on experimental results, 
different functional relationships have been established from previous 
investigations for bond at ambient temperature as shown in Figure 12.2a. 
The idealisation of the bond-slip relationship as first proposed by Rehm 12.2 
is shown in Figure12. 2b. 
This approach was adopted for work on bond at high temperatures 
in recent investigations 12.20- 12.24  
A typical solution by the bond-slip law approach is to assume 
that the local bond stress is linearly dependent on the local slip. The 
resulting mathematical solution equation is: 
Gbx = f(x) = A eKx + Be 	 . . . ( 12. 10)
Kx 
where A and B are constants that are determined from the boundary 
/conditions ; K is a constant dependent on the material properties and 
cross sectional areas 12-14, 12.22, i.e. 
2 
	
Ax = K • °bx 	f ( A ) 
ax 2 
=L 	{Ae 	+ B e KX } 	 . . . (12. 11) 
whereK 1 is determined from boundary conditions. 
12. 3. 2 Method of solution by bond distribution 
This method assumes that the relationship between the bond stress 
and slip is non-unique and varies from location to location along the 
bar and is not predicted easily 129 . The analytical mathematical model 
for solving the differential equation (12.8) is based therefore on an 
assumed distribution of the bond stress along the bond interface... 
The validity of the method was established through work done 
by Nilson ' 25 in 1972; Somayaji and Shah ' 2 ' in 1981; and Jiang, Andonian 
and Shah 12,19 in 1982. The observation of these investigators was that 
the relationship between the local bond stress and local slip was not 
unique. The local bond stress was instead considered to be a function 
of distance x (non-slip) measured from a datum. It was observed also 
that it had proved experimentally difficult to establish a precise relation-
ship (between the local bond stress and the local slip) that could be 
mathematically mode1led 12 . Work by Windisch 12 '; Bresler, Bertero 
and Bradford (as reported by Watstein and Bresler) 1213 showed also 
that the relationships are different at different locations due to the 
effect of shrinkage, creep and roughness of bar surface (e.g. deformed 
bars) on the local slip. Therefore, it was suggested that an analysis 
of reinforced concrete members based on a unique bond stress versus 
269 
slip relationship might not be feasible. Hence the alternative solution 
based on an assumed distributionof bond stress along the interface 
has been considered to be more appropriate. 
Somayaji et al. 12+  recommended a mathematical model of an exponen-
tial function to be assumed to represent the bond distribution, viz: 
2 AX 
____ 
= Aex + Be X + C 	 . . . (12. 12) 
By double integration, 
Axj A.eX + B.e 	+ C.x2 + D.x + E 	. . . ( 12. 13) 
From equations 12.12 and 12.13, the bond stresses along the bar can 
be evaluated as well as the steel stress. The boundary conditions men-
tioned in Section 12.2 determine the values of the five constants (A to 
E). 
12.4 Application of the bond pull-out test data to analytically study 
bond behaviour in the anchorage zone of heat treated reinforced 
no-fines concrete flexural members 
12.4. 1 General 
Data obtained from the experimental pull-out tests (Section 10.8) 
have been used in an analytical or theoretical approach to study re-
inforced no-fines concrete flexural members that have been exposed to 
heat and determine: 
the distribution of bond stress, steel stress and slip in the 
anchorage zone; 
the effect of temperature on the anchorage length. 
Typical bond-slip results for a deformed bar in no-fines concrete of 
1 : 8 mix (Figure 10.8b 2 ) were considered. The test condition examined 
270 
was that for unstressed residual bond stress (test condition 4). The 
procedure was as follows. 
12.4. 2 Analytical procedure and ecuations 
In order to solve the differential equation (12.8) for the bond 
behaviour at the steel-concrete interface, a mathematical model or approxi-
mate equation considered to be representative of the bond stress-slip 
curves obtained from the experimental pull-out tests was established. 
The resulting mathematical equation was similar to that recommended 
by Rehm 122 and Martin 12.8  (Figure 12.2b). It is the view that this 
equation operates efficiently with the experimental results, i.e. it fits 
the form of the experimental bond-slip curves (Figure 10.8b 2 ) and gives 
a satisfactory picture of the mode of bond failure. The bond stress 
is considered to be sub-divided into an adhesive bond and a shearing 
resistance bond as illustrated by the mode of bond failure obtained (Figure 
12.2b). 
Consider the equation for the experimental bond-slip curve as: 
°bx = f (A x) = a + b.t 	 . . . ( 12. 14) 
where a represents the adhesion bond for Ax = 0, while b and c are 
constants influencing the shearing resistance part of the bond for the 
slip, A x (see Figure 12.2b); 
_ 	 c __ _
2 hence = Kif(Ax) =K 1(a +bA). 
i.e. 	 2 	= K1(a + bA) 	 . . . ( 12. 15) 
From equation (12.15) suitable expressions for determining dis-
tributions of bond stress (°bx)'  steel stress (G)  and the slip (A x ) 
along the anchorage length of the bar are summarised below. The 
detailed derivation of these expressions are provided in Appendix C. 
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1 	JKi.x 	 (12. 16) - J  [a A x + b AIxI + D 11 -2 n 
where D 1 = a constant of integration. 
3AX
. . . 
(12.17) 
X = vK J [ai + () J, +Di] 21 
i.e. 	cYsx = —[a 	+b 	+D11 	 . . . ( 12. 18) 
and from equation (12.14) 
°bx = a+b1 	 . . . ( 12. 19) 
Hence from equations (12.17), (12.18) and (12.19) the distributions 
of A x' °bx and 	can all be plotted along the length of the bar. 
12. 4. 3 Computer program 
The behaviour of the bond in the anchorage zone of a reinforced 
no-fines concrete flexural member subjected to high temperatures can 
be predicted or determined by using the analytical equations (12.17), 
(12.18) and (12.19) derived in Section 12.4.2. However, before these 
equations are applied, the constants of the fundamental bond-slip equation 
(12.19) must be estimated from experimental bond test data. Such a 
study was undertaken in the present work as shown below. The scope 
of the study is defined in Section 12.4.1. 
To assist in the calculations, a computer program (in Fortran)' 2 '21 ' 1223 
was written (see Appendix C2). The program allowed the slip, steel 
stress and bond stress distributions along a length of a bar in the anchor-
age zone to be determined and plotted based on experimental bond-slip 
data. 
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The input data for the calculations are shown below. The initial 
boundary conditions required are based on the boundary conditions 
of Section 12.2. 
An initial slip (A..o)  corresponding to 0.001 mm for ambient con-
ditions was assumed for the analysis. 
The bond slip curves obtained from the tests show two stages of 
slip development (Section 9.2.4.1.3) - i.e. first a minor slip occurs 
and corresponds to the breakdown of adhesion bond. The value of 
this slip is considered to be about 0.001 mm (see Section 9.2.2)9.18. 
The second stage of slip development - during which frictional 
resistance is fully brought into play - gives rise to a greater slip. 
For purposes of comparison, initial slip values of 10 times this 
value (i.e. 0.01 mm) as well as 1/10 of the value (i.e. 0.0001 mm) 
also were considered. For higher temperature levels, the initial 
slip was adjusted by a factor E20/ETi (Table 12.1) in order to take 
some account of the effect on it. This allowed for the effect of 
thermal strain on the initial slip at higher temperatures 1221 12.22, 12.23 
Young's modulus of elasticity for each material is given in Table 
12.1. The ambient E-value for no-fines concrete from previous 
investigation(Appendix D) was assumed for the analysis. The 
E-value after exposure to various high temperatures in no-fines 
concrete is unknown. Hence the E-values derived by Cruz (Figure 
7.5b) for lightweight concrete after exposure to different high 
temperatures were adopted and used for the no-fines concrete. 
The ambient ultimate design stress in the steel bar was assumed 
to be 460 MN/m 2 . 
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(d) Data for the bond-slip relationship were derived from experimental 
bond test results (Section 10.8) from pull-out 150 mm diameter 
cylindrical specimens of no-fines concrete of 1 : 8 mix reinforced 
with 12 mm diameter deformed bar and for the unstressed residual 
condition. 
12. 4. 4 Analytical results 	 - 
The results of the analytical study of bond behaviour at the anchor-
age zone of reinforced no-fines concrete beams are shown in Figures 
12.3a,b,c respectively for different levels of temperature treatment. 
These results show the predicted variation of bond slip (A), bond stress 
(ob) and steel stress (°) along an embedded length (x) of a deformed 
steel bar of 12 mm diameter in no-fines concrete of 1 : 8 mix and for 
tests on specimens in the unstressed residual condition. 
Table 12.2 shows the results of the effect of heating on the anchor-
age length of a straight bar (deformed type) designed to sustain ambient 
working stress in no-fines concrete. 
Distribution curves have been drawn for initial slip values of 
0.01 mm, 0.001 mm and 0.0001 mm (see Section 12.4.4.1). 
12. 4. 4. 1 Distribution curves 
The distribution curves for bond slip, bond stress and steel stress 
in the anchorage zone and derived for unstressed residual condition 
are shown in Figures 12. 3a,b, c  respectively for initial slip failure, 
Axo = 0.001 mm. 
Figure 12.3a shows a bond slip-anchorage length relationship. 
It can be seen from the curves for ambient temperature that the slip 
failure versus safe anchorage length relationship was almost linear. 
At higher temperature levels, however, the curves assume a parabolic 
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shape with the anchorage length required to sustain a slip failure increas-
ing considerably to large values. 
Also, Figure 12.3b shows a bond stress - steel anchorage length 
relationship. It can be seen here also that the bond-distance curve 
at room temperature appears to be linear. However, as the temperature 
rises and the bond strength declines, the safe anchorage length required 
also increases considerably, as demonstrated by the parabolic shape 
of the curves. 
Figure 12.3c shows the relationship between steel stress and an-
chorage distance. This relationship develops with the same pattern 
as the slip and bond stress distribution curves at various temperature 
levels. At room temperature, the rate of variation of steel stress with 
distance was small as indicated by the almost linear curve. As the tem-
perature increased, however, the rate of variation increased considerably; 
hence the curve assumed a parabolic shape. 
Distribution curves were also drawn for initial slip values equal 
to 10 times as well as 1/10th of the assumed value of 0.001 mm (i.e. 
0.01 and 0.0001 mm) respectively. All these curves were found to be 
of similar pattern. However, the magnitude of the predicted safe anchor-
age length appeared to vary in accordance with the changes in magnitude 
of the initial slip value. 
12. 4. 4. 2 Effect of temperature on anchorage length 
The effect of heating on the adequacy of the anchorage length 
of a straight ended bar designed to sustain ambient working stress (yield 
stress) is demonstrated by the results provided in Table 12.2 for test 
condition 4, i.e. unstressed residual condition. For purposes of compari-
son, the results of previous parallel investigations on dense concrete 
are provided also in the same table. 
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12.5 Summary 
An analytical study was made of the performance of bond at the 
anchorage zone of a reinforced no-fines concrete flexural beam subjected 
to thermal loads. A mathematical model or representation was developed 
using data from the experimental pull-out test bond-slip results and 
With the aid of a computer program the following studies were made: 
prediction of distribution of bond stress, steel stress, and slip 
along a tension bar in a no-fines concrete beam; 
examination of the effect of heating (high temperatures) on the 
anchorage length of a straight ended bar. 
The study was done for the unstressed residual condition only. 
The following observations were made from the study: 
By the use of data fromkexperimental  pull-out bond-slip relation-
ship and a theoretical approach, the distribution of bond stress, 
steel stress and bond slip along a bar in the anchorage zone of 
reinforced no-fines concrete flexural beam could be predicted. 
The analysis revealed that heating would have a profound (détri-
mental) effect on the anchorage length of a straight ended tension 
bar embedded in a no-fines concrete beam exposed to fire. The 
effectiveness of the anchorage length required to develop the 
anchorage force diminished with rising temperature to the extent 
that it would require bond lengths of 2 to 3 times that required 
for ambient conditions to maintain. 
The analytical approach enabled an estimate to be made for safe 
or effective anchorage length required to prevent slip failure 
of a straight bar anchorage designed to sustain working stresses. 
The influence of heating on the anchorage length of bars in no-
fines concrete appeared to be twice as bad as that, on re-
inforcement in dense concrete. 
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CHAPTER 13 
ANALYSIS AND DISCUSSION OF EXPERIMENTAL RESULTS 
13.1 General 
The results of the comprehensive studies carried out on the material 
properties of plain and reinforced no-fines concrete at ambient and elevated 
temperatures are discussed and analysed in this chapter. The influence 
of various variable factors and parameters on the properties under mechan-
ical and thermal loads are considered and examined. Comparison is 
made also with published data for similar results; where such data were 
unavailable, comparison is made with findings for other types of concrete 
tested under similar conditions. 
The test series for elevated temperature effects on the concrete 
material properties were performed under the steady state temperature 
conditions only. Consequently, application of the relevant results for 
fire safety and reinstatement design of the no-fines concrete structure, 
had to take account of the transient state temperature condition of a 
fire, i.e. a high temperature builds up very quickly in a fire and not 
by heat soaking over a period as obtains in a steady state situation. 
However, the good thermal insulation characteristics of no-fines concrete 
would mean that under a transient heating condition, a high temperature 
might not develop within the concrete very quickly, leading to a delay 
in the deterioration of the concrete 131 . 
13.2 Material properties (Test Series 1) 
13. 2. 1 Properties of aggregates (Quality tests) 
Results of quality tests carried out on various aggregates are 
described in Section 3.3 and summaries of these results are provided in 
Tables 3.2 to 3.6. 
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The investigation was intended to provide some of the outstanding 
information on the quality of some crushed stone aggregates that could 
be used in no-fines concrete construction. Previous work appears mostly 
to have been carried out on no-fines concrete made with gravel aggregate s 3 , 
hence not much information is available on crushed stone aggregates in 
no-fines concrete. Three different types of crushed stone aggregates 
'commonly used in concrete construction and considered prevalent in 
most developing countries were selected for testing in order to broaden 
the field of application of the investigation. 
Among the constituents of no-fines concrete, aggregates take 
up about 80 to 90 per cent of the volume of the concrete (Section 3. 3. 1). 
Hence the performance of the concrete (in the matured state) depends 
to a considerable extent upon the type and quality of the aggregate. 
Previous studies 	3.2, 317 established that the choice of aggregate is 
an important factor that influences the quality of no-fines concrete more 
than the type of cement used. 
The results indicate generally that the quality of the three aggregates 
tested were satisfactory and within the specifications of British Standards 
(BS .882: 1975) for aggregates used in concrete construction. The grading 
for the black/white granite was found to be, however, slightly below 
the limits stipulated for 20 mm single size coarse aggregates. For this 
reason, the black/white granite had a higher proportion (about 12%) 
of larger particles above the normal 20 mm size. It is considered that 
this would have had some effect on the strength of the concrete as shown 
later (Section 13.2.2). 
In comparison with the granites, the whinstone aggregate appeared 
to have a greater moisture content which was about 30% higher than that 
of the granite aggregates. Furthermore, the whinstone aggregate 
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appeared also to have a greater moisture absorption which was about 
four times greater than those of the granites. Previous study shows, 
however, that whereas the granites are considered to be non-shrinking 
aggregates 	the whinstone has a comparatively high shrinkage value 
of 0.047%. Since the minimum shrinkage of dense concrete is considered 
to be 0.03%, it could mean that use of the whinstone should be made 
with caution in a situation wherein aggregate shrinkage may be critical. 
The whinstone appears to be a heavier type of aggregate compared 
with the granites and weighed 1470 kg/ M3  which was between 10 to 15% 
higher than the density of granites. The specific gravity (i.e. the 
relative density) of the whinstone was also greater than those of the 
granites. 
The chemical composition analysis for the aggregates (Table 3.6) 
established that the granite contained about 74% silica (Si0 2 ) whilst 
the whinstone (basalt) had about 54% of silica content. Silica in the 
form of quartz is a constituent of some natural aggregates and not only 
unstable at certain high temperatures but also could expand in volume 
(Section 6.3.4). Its use in concrete at high temperature could become 
undesirable. Therefore, it could be suggested that the basalt with 
the lower content of silica would perform better and so be a more suitable 
aggregate for high temperature concrete than the granites. This finding 
agreed with similar results obtained by Diederichs and Schneider as 
well as Petzold etal. (Section 9.3). 
It should be mentioned that the effect of high absorption in the 
whinstone aggregate could be overcome by soaking it first in water before 
use. The procedure adopted for its use in the experimental investigation 
on no-fines concrete strength tests (Section 3.5) was to soak the aggregate 
for twenty-four hours in water and then allow the water to drain off 
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for about 15 to 30 minutes so as to obtain a saturated surface dry condition 
for the aggregate before it was used in making the concrete. 
13. 2. 2 No-fines concrete compressive strength (tests) 
A summary of results (average values) for the cube crushing 
tests performed on the various aggregates and mixes is provided in 
Table 3.7. The variation of the compressive strength of cubes with 
water cement ratio is shown in Figure 3. 3. From the typical curves 
drawn for the different mixes, the optimum water/cement ratio for, each 
type of aggregate and each mix proportion was derived. The weights 
of the concrete constituents that were required per cubic metre (m 3 ) 
for the different aggregates and mixes are shown in Table 3.9. Descrip-
tion of these results are provided in Section 3.5.9. 
The strength of no-fines concrete depends very much on the quality 
of aggregates used (Section 3.1). The influence of aggregates on the 
strength of this type of concrete is demonstrated by the results obtained 
from the investigation. It could be observed from a comparison of these 
results that the whinstone aggregate with the heaviest density of 1470 
kg /M3  (Table 3.4) showed the highest strength 3 ' 8 . The 28 day cube 
crushing strength of the whinstone aggregate concrete was 6.05 MN/m 2 
and 5.18 MN /M2  for 1 :8 and 1: 10 mixes respectively. The black/white 
granite had the weaker strength of the two granite types. The 28 day 
crushing strength for this aggregate was 4.37 MN/M 2  and 3.26 MN/m 2 
for 1 : 8 and 1 : 10 mixes respectively. It can be seen that the 28 day 
compressive strengths of all the aggregates/concretes tested satisfied 
the specified minimum strength requirements of CP.111 3 . 
The results demonstrated also that the amount of water required 
in a mix of no-fines concrete depended on the type of aggregate used 
(Section 3.2.2). The aggregate with the highest moisture content was 
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whinstone with a value of 3.5%. The optimum water/cement ratio corres-
ponding to this as derived for the whinstone aggregate was 0.36 which 
was lower than the 0.38 required for the granites which had a lower 
moisture content of 2.5%. 
The influence of aggregate grading on the cement content in a 
mix and hence its effect on the strength of no-fines concrete is shown 
in Table 3.9. The results indicate that the percentage of cement in 
a mix as well as the strength of a mix depend on the aggregate particle 
size. This is demonstrated by the results which show that the whinstone 
aggregate (with the higher proportion of smaller particles) require a 
higher weight of cement per cubic metre of the concrete. On the other 
hand, the black/white granite (with the larger proportion of bigger 
particles in the grading) has the least cement content per cubic metre 
of the concrete. This agrees with similar findings made by Short et al. 
3.1 
(Figure 3. 1b). 
The influence of specific gravity (or relative density) 
3.18 of the 
aggregate on the cement content in a mix proportion is demonstrated 
also by the results in Tables 3.4 and 3.9. It could be seen that the 
whinstone aggregate with the greater apparent relative density (Table 
3.4) had correspondingly greater cement content for a mix. Work by 
Popovics 3.19 demonstrated the effect of specific gravity of an aggregate 
ç on the cementAcontent of concrete -mix iroportioñ 
The test results further showed that the compressive strength 
was influenced by the water/cement ratio as well as the aggregate-cement 
ratio. In other words, for given materials and proportions, the maximum 
strength depended on a limited amount of mixing water. This conformed 
with expected trends as shown by works undertaken by Macintosh et al. 
3.2 
as well as Krishna Raju et 0I. 33 . 
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13. 2. 3 Tensile strength of steel (tests) 
The results for the tensile strength tests carried out on 12 mm 
diameter sizes of plain mild steel and deformed (tor-bar) steel bars are 
described in Section 3.4.4. The stress-strain curves drawn from the 
results for both plain and deformed bars (at room temperature) are 
shown in Figure 3.5. The characteristic tensile properties derived from 
the results for the two types of bars are provided in Table 3.10. 
It could be seen that all the tensile characteristics for both plain 
and deformed bars satisfy the requirements of British Standards as 
stated in CP.110:Part 1: 1972. 
The results for the tensile tests follow the expected trend with 
the deformed bar showing the higher ultimate strength over the plain 
bar. 
13.3 Thermal insulating properties of no-fines concrete (Test Series 2) 
13. 3. 1 Effect of type of concrete on thermal properties 
Tables 5.5 and 5.6 show summary results of typical (true and 
standard) values of the thermal transmission coefficients determined 
for the different types of concrete. The k-valUes (standard) of no-
fines concrete at 3% moisture content by volume, ranged between 0. 73 
and 0.84 W/mI< for different mix proportions (Section 13.3.2) and dif- 
ferent types of crushed stone aggregates (Section 13.3.3). The corres-
ponding k-value of dense concrete made with gravel aggregate was 1.64 
W/mK. These results generally are within the range of published data 
on thermal properties by other investigators as shown in Table 13.1. 
It is seen from the results that the thermal conductivity of concrete 
depends on its composition with the dense concrete showing greater 
values than the comparative no-fines concrete. The considerably lower 
RRA 
k-values of the no-fines concrete is attributable to its porous nature. 
The pores of the concrete are filled with air considered to be the best 
resistor of heat transfer (Section 4.3.2). Hence the degree of porosity 
of concrete is a major influencing factor on the k-value. Another explana-
tion of the higher k-value of the dense concrete could be attributed 
to the gravel type of aggregate used. Aggregates of high quartz content 
are considered highly crystalline, hence tend to exhibit very high con- 
ductivity values 4,14,-3 2, 4 .39 
Comparison of results in Tables 5.6 and 13. 1 shows a considerable 
variation between the k-values of no-fines concrete obtained in the present 
study and that by Brown and Javaid 22 in spite of the fact that the 
same test method (transient state hot plate approach) was used in both 
investigations. The higher k-value obtained by Brown et al. could 
be due to the nature of their concrete as well as the type and size of 
aggregate used. In the work of Javaid 1315 , the type of aggregate used 
was shown to be gravel. The aggregate size of 3.2 mm to 1.6 mm ( 81 to 
16 in.) used by them is below the aggregate size normally recommended 
for no-fines concrete 1 . Hence their concrete could be considered 
more as a no-fines mortar concrete type. The smaller aggregate would 
yield a denser material with a smaller void ratio compared with 20 mm size 
aggregate concrete. 
The thermal diffusivity and specific heat values (Table 5. 5) for 
the two types of concrete appear not to vary appreciably, hence they 
could be considered not much influenced by concrete composition. 
13.3. 2 Effect of mix proportion on thermal properties of the. concrete 
It could be noted from results of the thermal properties provided 
in Tables 5.5 and 5.6 that the thermal conductivity of the no-fines concrete 
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made with basalt aggregate, was influenced by the mix proportion of 
the concrete. The k-values for 1 : 8 and 1 : 10 mixes were respectively 
0.75 and 0.73 W/mK at 3% moisture content by volume. The k-value 
would appear to increase with increase in the cement content of the 
concrete, hence the richer 1 : 8 mix provided the greater magnitude 
c2J 
of the thermal heat transmission coefficients than the leari1 : 10 mix. 
The thermal conductivity of concrete is considered essentially 
a function of the properties of the cement paste and the aggregate 
Campbell-Allen and Thorne 32  suggested also that the magnitude of 
the conductivity of concrete depended on some mathematical aggregation 
of those of its constituents (Section 4.4). The greater k-value of the 
richer 1 8 mix over the lean 1 : 10 mix, could therefore be attributable 
to its higher cement paste content (see Table 5.1). 
Besides the influence of the aggregate /cement ratio on the thermal 
properties, the effect of moisture content on the k-values is demonstrated 
vividly by the results in Table 5.5. The calculated (true) values of thermal 
conductivity of specimens with higher water content showed greater 
k-values. This agrees also with similar findings by Campbell-Allen et 0I. 32 . 
13. 3. 3 Effect of type of aggregate 
From Table 5. 5, it can be seen from a comparison of the thermal 
properties for the different types of concrete that the type of aggregate 
13 , 20 
had a profound influence on the magnitude of the heat transmission 
coefficients. The thermal conductivity of the higher silica content granite 
aggregate no-fines concrete appeared to be greater than that of the 
lower silica content basalt aggregate no-fines concrete for the same mix 
proportions. 
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The effect of aggregate type on heat transmission within concrete 
is dependent on the degree of crystallisation and mineral composition 
of the rock type used for the aggregate '8' 32,38,39• Hence quartz 
and granite rocks which are highly crystallised showed high conductivity 
values, whilst basalt rock which is not so crystallised indicated a low 
k-value. The respective k-values for granite and basalt rocks are 3.462 
and 1.385 (see Table 4.1). 
The lower thermal conductivity of the basalt type no-fines concrete 
meant that it could provide better thermal insulation as well as fire resis-
tance than the granite type of the concrete. 
There would appear to be a slight anomaly in relation to the density 
of the no-fines concrete and the k-values. The granite types of no- 
fines concrete with the higher k-values than the basalt type no-fines 
concrete, had the lower bulk densities. The probable explanation for 
this could be attributed to the grading sizes of the aggregates. The 
results of the grading tests on the aggregates used (Table 3.2) indicated 
that the granite aggregates had a greater particle size as well as more 
of a single size than the basalt aggregate. According to Neville', 
the density of no-fines concrete depends much on the grading of the 
aggregates. Well graded aggregates are considered to pack to a greater 
bulk density, therefore this could explain the differences between the 
densities of the concretes and their respective k-values. However, 
there is evidence to suggest that density does not in all instances have 
a predominant effect on the conductivity of concrete 1 . 
13. 3. 4 Effect of surface condition of test specimens 
To investigate the effects of surface condition of test specimens 
(for the no-fines concrete) on the measured thermal conductivity of 
the concrete, a number of the test slab specimens had their faces rendered. 
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The rendering of the faces was achieved through capping on a glass 
plate (see Section 5.2.4). The results (Tables 5.5 and 5.6) showed 
differences between the k-values of the rendered and unrendered speci-
mens, with the rendered specimens providing higher values. 
One probable explanation for the differences in the results could 
be attributed to the influence of the rendering material on the heat trans-
mission coefficients. It could be suggested that the sand/cement render-
ing (about 5 mm thick) could augment the heat transmission through 
the concrete due to the gravel type of aggregate in the sand as well as 
the extra cement paste content of the rendering. Also it could cause 
greater side heat loss due to a thicker size of specimen slab. Additionally, 
the screeding would fill the, voids, hence increasing the heat transmission. 
On the other hand, the lower k-value of the unrendered specimens could 
be set down to the non-homogeneity and porous nature of the concrete 
surface. An examination of Figure 5. 1 would reveal presence of large,. 
exposed pores at the surface of the unrendered specimen. When the 
rubber sheet is interposed between the specimen and the hot and cold 
plates (see Section 5. 3. 5), air could be trapped in the voids on the 
surface or in the interstitial space. The net effect of large pockets of 
trapped air could be to insulate the heat transmission through the con-
crete thus contributing to the lower k-value for the concrete. 
The effects of different surface conditions on the measured thermal 
conductivity of concrete specimens would appear not to have been investi-
gated extensively. In the review on published work (Chapter 4), the 
prevailing consideration was the need for flat and level surface to provide 
ample thermal contact. There is therefore a need for further work to be 
carried out into the effect of surface conditions and the contact rubber 
sheets on the measured k-values. 
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13. 3. 5 Analysis of errors in the measurement of the thermal conductivity 
Heat losses during measurement of the heat transmission coefficients 
(by the transient state unguarded hot plate method) was a principal 
source of errors which occurred during the experiment. The various 
heat losses, the procedures for estimating as well as the necessary allow-
ance for their corrections are shown in Appendix B2. 
A major source of heat loss could have occurred at the edges of 
the unguarded heating plate. To correct for the edge loss, some refer-
ence slab specimens (standard) whose k-values were already determined 
by the conventional guarded hot plate method (see Section 5.1) were 
tested in the purpose-built unguarded hot plate equipment. The thermal 
conductivity of the test specimens were calculated from the corrected 
heat flux. The percentage of error was found to vary between 9.9% to 
12.6%, which could be considered acceptable' 
One other possible source of error was in the measurement of 
the temperature difference between the two faces of a test specimen. 
The electronic thermometer used for the temperature rise measurement 
(Section 5.3.3) was manually operated. The effect of this could introduce 
some error in the measured values of the temperatures. To minimise 
this possible error, a computer program was used to determine the 
appropriate curve fit for the 'temperature versus time' graph for each 
set of test specimens. Each set of test was repeated also 6 times (2 x 
3 pairs of specimens) so as to obtain a good statistical mean k-value. 
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13.4 The effects of elevated temperature on the properties (physical 
and structural) of no-fines concrete (Test Series 3) 
13.4. 1 Effect of high temperature on colour change in the concrete 
The effect of high temperature on variations in colour of the heated 
concrete specimens has been described in Section 8.7. The relationship 
between temperature and colour changes is shown in Figure 8.2a. A 
typical photograph showing the change in colour of a specimen heated 
to 600°C is provided in Figure 10.91. 
Generally, a change in colour was observed in specimens heated 
above 300°C; however, the change was more pronounced in specimens 
heated above 600°C where the colour of the concrete specimens was 
noticed to change from light grey to whitish grey. The colour change 
was more perceptible after the heated specimens had been cooled. 
Most types of concrete undergo some degree of colour change 
when heated to high temperatures (Section 7.2.2). The intensity of 
the colour change depends on the level of temperature exposure as well 
as the type of aggregate used in the concrete. The colour change is 
attributed to changes that occur in the iron compounds of heated aggreg-
ates. The colour change occurs when ferric compounds transform into 
ferric oxide in the hôated concrete 71 . This transformation is more com-
plete when the specimens are cooled, i.e. when hydration of iron oxide 
compounds occur. Hence the colour change was more conspicuous in 
the test specimens after they were cooled to room temperature. 
Results of the chemical analysis of the whinstone aggregate shown 
in Table 3.5 indicated that it contained ferrous compounds (F 2 0 3 ) of 
about 12.46% by weight. The low iron content of the aggregate explains 
the difficulty in detecting variations in colour at the lower temperature 
level. Colour variations are more difficult to detect in concretes of 
low ferrous content (Section 7.2.2). 
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Igneous rocks tend to show little change in colour on heating 
below 4 00°C 7.1 Therefore, it can be seen why the no-fines concrete 
specimens made of basalt aggregate showed very little variation in colour 
at lower temperatures. 
The phenomenon of colour change is presently a non-destructive 
method of assessing the maximum temperatures reached at a depth in 
a concrete structure after a fire 	768 The investigation shows that 
this technique could be extended also to estimate approximately the 
maximum temperatures sustained by a no-fines concrete structure after 
a fire. 
The inter-relationship between the residual compressive strength 
of no-fines concrete, temperature and colour change - as shown in Figure 
8.2a - is discussed in Section 13.4.6. 
13. 4. 2 Effect of high temperature on weight loss in specimens 
The effect of high temperature on weight in no-fines concrete 
specimens is a loss as described in Section 8.7 and shown in Figure 
8. 3, as a percentage of the original total water content in the mix at 20°C. 
It can be seen from the curve that the weight of the concrete 
specimens decreased with temperature rise and that the loss occurred 
at all temperatures. The drop in weight with rise in temperature is 
indicative of dehydration processes within the concrete, and in particular 
the dehydration of hydrated compounds of ordinary Portland cement 
paste (see Section 6.3.2). 
Between 100 0 and 200°C, there was an accelerated loss of water. 
from the specimens as shown by the steep gradient of the curve - this 
indicates that the specimens lost a great deal of weight. The vigorous 
loss of moisture coincided with the period of concrete shrinkage due 
to evaporation of its free water as well as the dehydration of calcium 
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silicate hydrates (tobermorite gel) in the cement paste 137 . The rate 
of loss of water reduced between 300 0 and 400°C; this reduction period 
coincided with the stage during heating when most free water was lost 
and dewatering of hydrates of calcium aluminates as well as calcium alumin-
ate ferrites occurred. Above 600°C, a sharp increase in loss of water 
occurred again. This is attributable to chemical changes that occurred 
in the concrete constituents, i.e. the decomposition of calcium hydroxide 
(Ca(OH) 2 ) as well as the c. to quartz transformation in the aggregates. 
At about 800°C, the coefficient of thermal expansion of the basalt aggreg-
ate increases rapidly (Sections 6.3.4 and 7.3.2) and leads to further 
dehydration of calcium silicate hydrates and additional loss of water. 
The highest percentage loss in weight occurred at 800°C. 
It is to be observed by comparison that the percentage loss in 
weight of 1 : 8 mix specimens was greater than that in the 1 : 10 mix 
specimens. From material tests (Section 3.5, Table 3.9) it was established 
that the cement and water contents per cubic metre of 1 : 8 mix no-fines 
concrete were greater than those of 1 : 10 mix. This explains the greater 
loss of water that occurred in the 1 : 8 mix during the heating process. 
These results are in agreement with those obtained by Philleo 7 ' 
Harada et al. 7.20  as well as Sullivan and Labani 716 (Section 7.26) with 
dense concrete. 
13. 4. 3 The effect of high temperature on density of concrete 
The variation of the density of no-fines concrete with temperature 
is shown in Figure 8.2a. Description of the results is presented in 
Section 8.7. 
It can be deduced from Figure 8.2a that the density declines with 
rising temperature. However, the rate of reduction is shown to be small 
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and gradual but continuous throughout the heating period. The points 
of significant change in the density are noted from the curve to occur 
at 100°C, 300°C, 600°C and 800°C with the highest loss of 6% in density 
occurring at 800°C. 
To appreciate the effect of heating on its density, one needs to 
relate it to similar influences in the. weight loss of the concrete. The 
manner of decline in value with rising temperature is similar for both 
parameters. This is corroborated by the fact that both parameters suffer 
their greatest loss at the highest temperature, 800°C. As has already 
been shown (Section 13.4.2), the loss in weight of the concrete with 
temperature increase is closely related to the manner in which dehydration 
or loss of moisture occurs in the heated concrete. The reasoning adduced 
to explain weight loss with temperature increase can be considered also 
to apply to density change with temperature rise. 
It is to be noted that the reduction in density appears to be greater 
for the 1:8 than for the 1: 10 mix. 
13. 4. 4 Temperature distribution within no-fines concrete 
Figure 8.6 shows typical radial temperature distributions within 
(150 mm diameter x 300 mm long) 1: 8 mix no-fines concrete of whin stone 
aggregate specimens heated at 2 0C/mm up to 800°C. The general results 
are provided in Section 8.7. 
Various curves plotted for heating times of 1 to 8 hours are given 
in Figure 8.6 illustrating the radial distributions and gradients of tem-
perature within the concrete. 
The temperature gradient between the external face of a cylindrical 
specimen and the concrete mean point (i.e. midway between the centre 
of the concrete cylinder and its external face) varied from 2.13°C/mm 
after 1 hour heating to 3. 20°C /mm after 6 hours heating, reducing to 
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0.40°C/mm by the end of the heating cycle. It could be observed that 
.the above temperature gradients were generally greater (see Section 
13.4.11) than the limit of 06- 0.7°C/mm noted by Diederichs and 
Schneider (Section 10.2.2) as gradients below which probable thermal 
effects (spalling) could be eliminated. It should be emphasised, however, 
that the temperature gradients as reported by Diederichs and Schneider 
were determined for dense concrete. Even though the temperature 
gradients of the no-fines concrete test specimens appeared to be relatively 
higher, no adverse effect was observed on the specimens tested. Spalling 
did not affect the specimens either. The absence of adverse effects 
such as spalling, perhaps could be considered to be due to the nature 
of the concrete. No-fines concrete is highly permeable because of its 
large open voids and these voids could prevent the generation of steam 
pore pressures which Dougill (Section 7.2.3) suggested were partly 
responsible for spalling. 
As can be seen from the curves, after 8 hours of heating with 
approximately 1 hours heat soaking, the temperature distribution within 
the concrete was not completely uniform. This means that a longer heating 
period at the maximum furnace test temperature was required to provide 
uniform temperature within the no-fines concrete. By contrast, dense 
concrete has been shown through Morley's 9.29 work to attain a steady 
state temperature condition after 1 hour heat soaking at the maximum 
furnace temperature. Therefore, it could be suggested that no-fines 
concrete would provide better insulation against heat transfer. The 
influence of heat soaking period on temperature distribution within the 
no-fines concrete is further discussed in Section 13.4.5. 
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13. 4. 5 Temperature - time relationship 
Figure 8. ic illustrates a typical relationship between time and 
both concrete mean and furnace temperatures for cylindrical specimens 
made of no-fines concrete and heated to 800°C at a rate of 2 0C/mm. 
A summary of maximum concrete mean temperatures derived for different 
test temperatures is provided in Table 10.4. Complete description of 
the results is furnished in Section 8.7. 
The rate of heat transfer or temperature increase within the concrete 
(mean depth = 37.5 mm) is shown by the time-temperature curves (Figure 
8. ic) from which it could be deduced that the rate of temperature rise 
at the concrete mean point (i.e. at mid height of cylinder specimen and 
midway between centre of cylinder and its external faces - Figure 10.1) 
varied from 0.50°C/mm (Tm = 60°C) after 1 hour heating to 1.61°C/mm 
(Tm = 610°C) after 6 hours heating but thereafter reduced to 1.18°C/mm 
(Tm = 785°C) by the end of the heating period. The degree of variation 
in temperature change with time suggested that the foregoing has some 
relationship with loss of moisture from the concrete within certain tem-
perature ranges. At a concrete mean temperature (Tm)  of about 60°C, 
the rate was at its lowest value; it then increased as the concrete lost 
moisture with rising temperature up to a maximum at about 600°C by 
which time the concrete had lost most of its moisture. 
It is suggested that the growth of the rate of temperature increase 
is atributable to loss of moisture from the concrete. According to Lea 13-8 
and Dettling (Section 7.3.2), the thermal coefficient of expansion of 
concrete is influenced by the moisture content and is higher at inter-
mediate moisture contents than in the saturated or dry conditions. Thus 
as the concrete loses moisture, its coefficient of thermal expansion as 
well as the rate of temperature change (rise) increase until most of the 
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moisture evaporates then the latter begins to drop in value. It should 
be mentioned that moisture influence on temperature rise in concrete 
is considered a beneficial factor for fire resistance. It is considered 
that the heat required for latent heat of moisture vaporisation slows 
down the rise of temperature (Section 6.4.3). 
Acccording to Menze1 139 as reported by Watkeys, when concrete 
is heated, the moisture vaporises with the absorption of heat and so 
the temperature transmission is retarded in proportion to the moisture 
content. 
The time - temperature curves (Figure 8. lc) help to establish 
a relationship between the furnace temperature (Tf) and the concrete 
mean temperature (Tm).  This relationship indicates that the concrete 
mean temperature lagged behind that of the furnace. The slower rate 
of temperature rise within the concrete could be ascribed to the lower 
thermal properties of the no-fines concrete (Section 5.6). 
Also, it can be seen from the diagram (Figure 8. lc) that uniform 
temperature distribution within the concrete appears to be attainable 
in periods of 3 to 4 hours heat soaking at furnace maximum temperature. 
This would suggest that to obtain a uniform temperature distribution 
(i.e. steady state temperature condition) within the no-fines concrete 
specimens (with mean depth = 37.5 mm) requires a minimum heating 
time of between 3 to 4 hours at maximum furnace test temperature. It 
can be seen that this is about three to four times more than the period 
of heating at maximum furnace temperature required to provide uniform 
temperature in dense concrete (Section 13.4.4). This stronger resistance 
of no-fines concrete to heat transmission confirms that it could provide 
better insulation against heat transfer. 
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13. 4. 6 Effect of high temperature on the residual strength of no-fines 
concrete 
13.4. 6. 1 Residual compressive strength of no-fines concrete 
Figure 8. 2a displays the results that show the relationship between 
the unstressed maximum residual compressive strength of no-fines concrete 
and temperature as recorded in Section 8.7. 
The results reveal that initially the residual compressive strength 
of no-fines concrete did not suffer any reduction in magnitude with 
rise in temperature. Instead the residual strength appeared to improve 
slightly up to about 100°C after which it decreased with temperature 
rise. The reduction in strength continued in gradual steps until about 
500-600°C when it became more rapid. By 800°C, less than 20% of 
the original strength at 20°C remained. 
When the concrete is heated, the aggregate and solid phase of 
the cement paste structure expands; the paste at the same time loses 
its free or capillary water (Section 6.3.3) mostly from the specimen's 
external face, which heats up first and hence the paste shrinks (Section 
8.7, Figure 8.6). It is considered that, for moderate temperatures, 
the initial loss of moisture occurs mostly on the surface of the concrete 
but, as heating continues, the moisture progresses further into the 
concrete '. The initial effect resulting from this loss in moisture with 
moderate temperature rise and also a slow rate of heating is to induce 
an increase in the strength of the concrete (Section 7. 5. 2. 1). 
The explanation for the gain in strength is threefold. Firstly, 
the moderate rise in temperature generated by heat in the specimens 
could stimulate a chemical change within the cement paste by hydration 
in the cement gel of unhydrated compounds /contents, whilst the free 
water evaporates (accelerated curing) as suggested by Wierig 	Zoidners 
7*57 
and Dougil 72 (Section 7.5.2.1). 
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Studies by Blanks 13.1  show that cement takes a long time to hydrate 
completely. A small proportion of cement could remain unhydrated in 
a concrete structure many years after its completion. 
Secondly, the loss in surface moisture of the concrete specimens 
could result in shrinkage of the cement matrix nearest the concrete 
surface. The effect of this would be to initially increase the ultimate 
crushing load that the concrete specimen could take but later to reduce 
this load as shrinkage spreads more into the concrete. This was demon-
strated through investigations made by Dou gill 72  who established that 
the shrinkage of mortar bonds in dense concrete affects the ultimate 
strength of a concrete specimen. According to Dougill 7.8,  increase in 
strength occurs as a result of an increase in Van der Waals forces (surface 
forces) generated by shrinkage of the gel in the cement paste (Section 
7.5.2.1). A different explanation for this could be that shrinkage of 
the cement paste leads to increase in the bond between the cement paste 
and aggregates and hence to an increase in the strength of the concrete. 
The third instigator of a gain or no change in strength could 
be the influence of the aggregate on the behaviour of the concrete at 
high temperature s 7 . This is considered to depend primarily on the 
aggregate's coefficient of expansion (Section 6.3.4). The structure 
of a concrete specimen could remain intact in the presence of rising 
temperature if the resulting thermal strain of the concrete constituent 
materials were mutually compatible and the internal stresses could be 
absorbed by the cement paste. According to Wierig 73 , aggregates with 
a low thermal expansion as well as low temperature versus expansion 
curve tend to behave well under heating. From Figure 6.4a, it can 
be seen that basalt aggregate has a low temperature versus expansion 
curve below 800°C. Table 6.1  shows that the percentage thermal expansion 
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of basalt aggregate is 0.48% from 25 0 to 573°C, whilst those of quartz 
and granite aggregates respectively are 1.25% and 1.20% (Section 6.3.4). 
Therefore, basalt aggregate is considered to have a heat accommodating 
thermal expansion (comparable with limestone) and concrete made with 
it performs well under heating (Figure 7.8j) 7.23 . Hence the no-fines 
concrete made with basalt aggregate (Section 3.3.1) showed no decline 
in strength below 100°C. 
The amount of strength that the concrete gains, when heated, 
would depend upon the following: 
the type of aggregate used; 
the temperature level; 
the rate of heating; and 
the moisture content of the specimens at time of 
heating and testing. 
According to Hannant 7.58, if moisture was allowed to evaporate during 
the test, there could be virtually no loss in strength. It has to be pointed 
out, however, that considering the above factors there could be a gain 
in the concrete's strength only if the net strain in the concrete is less 
than the tensile failure value. 
Above 100°C, the behaviour of the residual concrete strength 
becomes more predictable because it shows a trend of decline in value 
with rising temperature. Within higher temperature ranges above 100°C, 
the thermal incompatibility in the heated concrete increases and this 
leads to more internal stresses which induce cracking inside the concrete. 
Therefore, the concrete is progressively destroyed under increasing 
high temperature and further reduction in strength results. The rate 
of decline of strength is more marked between 300 - 400 0C and 500 - 
600°C when chemical changes occur in the cemerit hydrates and aggregate 
respectively (Sections 6.3.3 and 6.3.4). 
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This finding agrees with results obtained by Dou gill 75 , Wierig 73 , 
Abram S7,2 and Lie 7,23.  Similar experiments performed by Steppes, as 
reported by Grün and Beckmann 741, showed an increase of 15% over 
the original when heating up concrete made of basalt aggregate to 500°C. 
The later loss in strength of the heated concrete after 100°C is 
also attributable to three factors. Firstly, the bond between the aggregates 
and cement paste is reduced by the dehydration of the cement paste 13.10 
Secondly, the differential thermal strain between the aggregates and 
cement paste results in reduction of the bond between the aggregates 
and paste 742 . Thirdly, the chemical changes that occur in both the 
cement paste and aggregates result , ' in loss of strength within these 
two materials 	. The dehydration that occurs in the cement, the differ- 
ential thermal strain and the chemical changes that occur in the cement 
psste (Ca(OH) 2 ) as well as aggi'egates (a to 13 transformation) during 
heating of the concrete are all explained in Section 13.5.2. 
13. 4. 6. 2 Residual tensile strength of no-fines concrete 
The curves shown in Figure 8.2b represent the results of the 
investigation of the effect of high temperatures on the residual (unstressed) 
tensile strength of no-fines concrete. Two sets of results are provided: 
one for pull-out specimens cast with plain bars and the other for deformed 
bars. The complete results are presented in Section 8.7. 
The no-fines concrete showed immediate, marked and continuous 
reduction in its tensile strength with increasing temperature and by 
800°C had lost more than 85% of its original tensile strength at 20°C. 
One perceives from these results that the behaviour of the tensile strength 
of the concrete is conspicuously different from that of its compressive 
strength with the tensile strength diminishing to a greater extent (Section 
7.5.3). This behaviour is similar to that of dense concrete as obtained 
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by Harada et al. 720, Wierig 73 , Thelandersson 72 as well as Morley and 
Royles 7.51 
The explanation for the poorer performance of the tensile strength 
can be found in the mode of failure of brittle materials under external 
forces. The mode of failure of brittle materials (e.g. concrete) in general 
depends upon their molecular structure and the chemical bond between 
the molecules or atoms 132 . When subjected to tensile forces, the atoms 
within the concrete material are pulled apart. However, the separation 
of the atoms is opposed by the forces of attraction between the atoms 
together with the chemical bond between them. At the point of failure 
in tension the major force to be overcome is the strength of the chemical 
bonding within the concrete. For concrete specimens which are heated, 
the chemical bonding within the concrete is weakened by the thermally-
induced cracks that develop in the cement matrix-aggregate bond. This 
explains the extreme decline that occurs in the tensile strength of concrete 
under heating. Concrete - being a brittle material - contains long chains 
of molecules with weak forces of attraction between them. Thus the 
effect of heating is to reduce further the forces of attraction between 
the molecules that would oppose the tensile forces. Testing in compres-
sion, on the other hand, has the effect of compressing the atoms in 
the principal direction and hence the weakened chemical bonding (due 
to heating) does not affect operations to the same extent. 
It has to be mentioned that the values of the tensile strengths 
obtained from the indirect splitting tests (Section 8.6. 3) on the cylindrical 
pull-out specimens are considered to be affected to some degree by certain 
factors. These factors include the central hollow left for the bar and 
the steel bar inserted in the hole at the centre of the pull-out specimens 
together with the bond failures developed in the specimens after the 
PIM 
bond tests (Section 8.2). This effect is exemplified by the results ob-
tained for the deformed and plain bar specimens. The latter specimens 
gave a slightly better performance for the tensile strength of the concrete 
and might be considered to provide a more accurate assessment of the 
actual tensile strength of the concrete. However, the closeness of the 
two results as well as the type of bond failure obtained (Section 10.8.10) 
would suggest that the influence of the type of bond failure on tensile 
strength was minimal. 
Investigations at Edinburgh 13.3 demonstrated that the value of 
the tensile strength of concrete was affected in the indirect splitting 
test on cylindrical specimens by the presence of a hollow core or an 
inserted bar. Stress concentration around the edges of the hole lowers 
the tensile strength determined while the presence of a bar was considered 
to minimise any detrimental effect the hole may have on the tensile strength. 
A probable explanation could be that the hole would create areas of 
stress concentration and weakness around its edges and a Poisson's 
ratio effect produced in the material would facilitate the propagation of 
cracks from probable parent cracks around the edges of the hole. Thus 
the maximum splitting load that the concrete can sustain would be reduced. 
It has to be stated, however, that the mode of failure around the hole 
is rather complex. 
The effect of the presence of the bar in the proximity of the hole, 
on the other hand, would be to reduce or eliminate stress concentration. 
Results obtained at Edinburgh 13.3 showed that the ratio between the 
external cylinder diameter and that of the inserted bar also had some 
influence on the splitting tensile strength. Large ratios were found 
to make negligible the effect of the hole on the tensile splitting strength. 
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However, it should be mentioned that irrespective of the influence 
of testing errors on the results, the curves showing the effect of tem-
perature on the tensile strength of the concrete could be considered 
to indicate the true characteristics of the concrete at high temperatures. 
This is based on the fact that the "residual tensile strength versus 
temperature" curves were plotted with percentage ratios between the 
tensile splitting strength at different test temperatures and the tensile 
splitting strength at room temperature. Hence every error would run 
through all the results to become ineffective because the final figures 
are relative (comparative). These findings are similar to results obtained 
by Morley and Royles 751 as well as Khan 76 . 
13. 4. 7 Effect of heat soaking (or duration of heating) at maximum test 
temperature 
Figure 8.4 shows the effect of heat soaking or duration of heating 
at different levels of maximum test temperatures on the residual compres-
sive strength of no-fines concrete. Detailed account of the results is 
given in Section 8.7. 
The graph in Figure 8.4 shows curves drawn for the strength 
of specimens given either 1 hour or 4 hours of heat soaking (i.e. tem-
perature dwell) after heating to the maximum test temperature level. 
The general pattern of the results as illustrated by the curves can be 
considered in two sections which correspond to temperature ranges of 
20- 300°C and 300 - 800°C. 
For temperature levels below 300°C, it can be seen that the strength 
of the specimens given 4 hours heat soaking appeared to suffer greater 
reduction in magnitude with rise in temperature. Similar results were 
obtained by Lea (Section 7.5.2.1). Above 300°C, however, the trend 
was reversed with specimens given 1 hour heat soaking appearing to 
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suffer the greater decrease in strength. Similar observations were made 
by Woolson (Section 7.5.2.1). 
It was explained in Section 9.3.4.1.2 that Grun and Beckmann 
established from tests that the principal changes in strength of concrete 
at high temperatures occurred within the first 2 hours of heat soaking 
at maximum test temperature. Similar conclusions were reached by Miller 
and Faulkner as reported by Dou gill 75 . The results of Grün and 
Beckmann further showed that at 300°C specimens given 1 hour heat 
soaking retained about 95% of their strength whilst those given 4 hours 
of heat soaking retained about 85% of their strengths. 
It might be suggested that the effect due to a period of heat soak-
ing at test temperature on the strength of concrete could be attributed 
to the influence of amount of evaporable water or variable loss in moisture 
content of the heated concrete 1311 On the basis of influence of moisture 
content at the time of test on the concrete strength ""' (i.e. weakening 
effect of free water on cement gel), one would have expected that speci-
mens given 4 hours heat soaking would have been drier and hence shown 
greater strength. But this was not the case as was originally disclosed 
by the results of Grun and Beckmann. Another probable explanation 
could be that specimens given 4 hours heat soaking could be considered 
to lose a greater proportion of their moisture and hence suffer greater 
differential thermal strain, i.e. the thermal effect predominated. Accord-
ing to Weigler and Fischer 7.32, thermal expansion in concrete depends 
to some extent on its moisture content. Alternatively, it could be argued 
that the effect of the longer heat soaking period was to produce greater 
steam pressure within the heated concrete specimens resulting in greater 
crack formation and hence lower residual strength 1311 . 
The probable explanation for the reversal of results above 300°C could be 
that whilst the specimens given 4 hours of heat soaking could have lost most of 
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their moisture, those heat soaked for 1 hour could have retained some 
of their initial moisture through which they suffered further decline 
in strength due to a weakening of Van de Waal's forces by moisture 
The influence of moisture content on the concrete's strength was consistent 
with the results for temperature distribution within the concrete (Section 
8.7). The concrete's mean temperature after 1 hour heat soaking was 
lower than those for 4 hours heat soaking. 
The effect of prolonged heating of cement paste of the concrete 
could adversely influence the strength and hence could be suggested 
to explain the reversal of trend of results for the 1 hour and 4 hours 
heat soaking of the specimens; the work of Harmathy and Berndt 731 
(Section 7.5.2.2) show that hydrated Portland cement paste when exposed 
for more than 1 hour at test temperatures above 200°C, the failure strain 
was reduced. The suggested explanation given by Harmathy and Berndt 
for the reduction in the failure strain at breakdown is given in Section 
7.5.2.2 
13.4.8 Effect of aggregate - cement ratio 
The effect of cement - aggregate ratio on the strength of no-fines 
concrete subjected to high temperatures is demonstrated in the graph 
shown in Figure 8.2a. The curves drawn illustrate the relationship 
between maximum residual compressive strength of the concrete and 
temperature for different mixes (1 : 8 and 1 : 10). Detailed accounting 
of the results is provided in Section 8.7. 
The general thrust of the results was as expected with the lean 
mix (1 10) showing a proportionately smaller percentage reduction in 
strength relative to the richer mix (1 : 8). These results accord with 
observations made by Malhotra 97 and others 9-84  in their work on dense 
concrete (Sections 7.5.2.1 and 9.3.4.3.4). 
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The smaller reduction in the strength of the lean mix is ascribed 
to the effect of internal thermal stresses developed in the heated concrete. 
The internal failure thermal strains are considered to be greater in the 
richer mix with its higher proportion of cement paste (Section 9.3.4.3.4). 
13. 4. 9 Effect of aggregate (basalt) type 
The effect of aggregate type on the behaviour of no-fines concrete 
at high temperatures was not one of the variable factors examined in 
the present experimental investigation. However, previous investigation 
(Section 6. 3. 4) showed that the characteristics of concrete subjected 
to heating are profoundly affected by the types of aggregate used 1320 . 
It is considered, therefore, that there is a need to examine the type 
of influence the whinstone (basalt) aggregate might have had on the 
properties of no-fines concrete subjected to elevated temperatures. 
Generally, concretes made of non-siliceous types of aggregates 
tend to perform better at high temperatures than the corresponding 
siliceous types (see Sections 6. 3.4 and 9.3.4.3.2). The better perform-
ance of the former is attributable to low thermal expansion that occurs 
in the heated concrete and also because such types of aggregates are 
more stable at high temperatures. 
The influence of basalt type of aggregate on concrete subjected 
to high temperatures is shown in the works of Peterssen as reported by 
Lie 723  (Figure 7.8j), Steppes as reported by Grtn and Beckmann 
7-41, 
Diederichs and Schneider 75 , Lea 13  and Zoldners 757 . Their results 
all indicate that concrete made with basalt aggregates tend to perform 
well at high temperatures. The satisfactory performance is ascribed 
to qualities of the basalt aggregate such as its finely grained crystals 
(Table 6. 1), low coefficient of thermal expansion (Tables 6.1 and 7.1) 
and low silica content (Table 6.1). Salmanov, as reported by Petzold 
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and Rohrs 760 , also showed in his work that basalt aggregates exhibit 
relatively small thermal expansion and because they do not undergo 
much change when heated, they are useful fire resistant aggregates. 
The quality of the whinstone (basalt) aggregate used in this 
investigation is shown in the material test results (Section 13.2). The 
aggregate was found to have fine grains and comparatively low silica 
(Si0 2 ) content as well as low thermal properties (Table 5.6). The results 
of the investigation of temperature distribution within the concrete 
(Sections 13.4. 4 and 13. 4. 5) showed that the rate of temperature increase 
was slow and varied from 0.50OC/min to a maximum of 1.61OC/min before 
reducing again; whilst that in the furnace remained constant at 2 0C /min. 
This low increase in rate of temperature rise agrees with observations 
made by Harmathy . According to Harmathy concretes made with 
finely grained rocks (e.g. basalt) and those with amorphous character-
istics (e.g. anorthosite) exhibit low conductivities at room temperature 
and show increasing conductivities as temperature rises. Similar observa-
tion was made by Zoldners 712 . 
It is suggested that the effect of the whinstone aggregate on the 
strength of no-fines concrete subjected to heating is demonstrated by 
the initial stagnation of strength as the temperature increases up to 
about 100°C (Section 8.7 and 13.4.6). The differential strain between 
the aggregate and cement paste was influenced by the thermal behaviour 
of the whinstone aggregate such that the failure strain which could devel-
op cracks in the aggregate-cementpaste bond was not achieved. It was 
only at higher temperatures above 100°C that the detrimental crack 
forming strain predominated and the concrete started declining with 
rising temperature. This argument is supported by similar results ob-
tained by Diederichs and Schneider 9 * 54  who suggested that basaltic types 
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of aggregate have little influence on the expansion of heated concrete. 
The shrinkage in the cement paste predominates over the expansion 
of the aggregates and hence very low thermal strains occur in the concrete 
below 800°C. Results of Steppes' 71 and Peterssen's 
7.23  work also show 
low thermal strain in concrete with basalt aggregate such that its strength 
showed no reduction in value below 500°C (Figure 7.8j). 
The effect of siliceous type of aggregate or aggregate with high 
silica content, will need to be examined in future tests. 
13. 4. 10 Effect of aqe of concrete 
Specimens for the investigation were cured for about 12 months 
except the specimens for the preliminary tests (Section 8.4) which were 
cured for 6-9 months. 
Comparison of the two different results for the effect of age of 
the concrete on its behaviour, when heated, becomes difficult because 
of differences in the period of exposing the specimens to heating. Whereas 
the preliminary test specimens were given 1 hour heat soaking at test 
temperature the rest of the specimens were given 4 hours. 
Investigations by Malhotra and Woolson (Section 9.3.4.2) show, 
nevertheless, that the age of mature concretes had no influence on the 
strength of concrete at high temperatures. 
13. 4. 11 Effect of rate of heating 
The test specimens were heated at a slow rate of 2 0C/mm (Section 
8.6). It was considered (Sections 8.6.2 and 9.3.4.1.1) that the slow 
rate of heating would get rid of any precipitate damage (local spalling) 
to the test specimens. 
The test results for the radial temperature distribution within 
the test specimens heated to 800°C indicated comparatively steep tem- 
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perature gradients (Sections 13.4.4 and 13.4.5). The steep temperature 
gradient was not the result of a fast rate of heating as may generally 
be assumed. In this instance, it was the result of the intrinsic thermal 
properties of the concrete whereby the heat transfer was impeded by 
the thermal insulating property of the concrete. However, the results 
disclosed no sign of damage to the cooked specimens due to spalling. 
The premiss adduced to explain this is given in Section 13.4.4. 
Therefore, it could be assumed that the strength performance found 
for the no-fines concrete at elevated temperatures was affected only by 
the thermal loads (i.e. stresses) generated by the heating. 
13. 4. 12 The effect of high temperature on residual tensile strength 
of reinforcing steel bars 
A summary of the results for tensile strength tests on reinforcing 
steel bars after exposure to high temperatures is given in Table 8.3. 
Typical stress-strain curves drawn for the plain and deformed bars 
are shown in Figures 8. 5a , b. The variation of the ultimate tensile strength 
with temperature for both types of bars is shown in Figure 8.5c. Detailed 
account of the results is provided in Section 8.7. 
The results disclose that, generally, the residual strength properties 
of the steel bars (both plain and deformed) were not much affected by 
heating below 600°C; thereafter, the (ultimate) strength declined in 
value with temperature increase. The loss in strength was more significant 
for the deformed bar (which initially showed higher strength values at 
room temperature) because it retained about 70% of its original strength 
at 800°C whilst the plain bar retained about 80% at the same temperature 
level. 
It can be seen from the stress-strain curve for the plain bar that 
the well defined yield point disappeared at high temperatures. The 
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results revealed also that the yield stress (Table 8.3) for the plain bar - 
at various temeprature levels up to 800°C - satisfied the British Standard 
minimum specified value of 250 MN/M 2  as stated in CP. 110:Clause 3.1.4.3: 
Table 3. It could be noted that the yield stress (or 0.2% proof stress) 
of deformed steel bars for temperature levels below 600°C were above 
the minimum specified value of 460 MN/M 2 . The reduced yield stresses 
at 600 0Cand 800°C were 96% and 85% respectively of the original value 
at room temperature. It is apparent that the loss in yield stress at 
these two temperature levels was not too great and hence they could 
be considered adequate for normal design. This reasoning is reinforced 
by the fact that the temperature of reference considered for heat treatment 
of the bars was that for the furnace. But results for the temperature 
distribution (Section 13.4.4) show that the temperature at the interface 
(cover = 70 mm) was far less than that in the heated face of the specimen, 
i.e. in the furnace. It may, therefore, be suggested that the yield 
stress for both plain and deformed bars (encased in no-fines concrete) 
at high temperatures satisfy the minimum acceptable levels of strength 
for normal design. It should, however, be pointed out that these tests 
were done under steady state temperature conditions accompanied with 
heat soaking periods provided to enable specimens attain uniform tem- 
perature distribution. Such a situation would be different from a condition 
in a fire. Hence transient heating conditions would need to be investigated 
with the bars inserted in no-fines concrete. With reference to Section 
13.4.4, one is tempeted to suspect that the performance of the bars 
could even be better in a transient heating situation. The plain bar 
exhibited higher percentage. elongation than the deformed bar. The 
elongations of both types of bar were, however, within the BS specified 
minimum limits. 
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The results (for the yield stress, the ultimate strength and the 
percentage elongation of the bars) demonstrated that both plain and 
deformed bars could regain sufficient of their residual strength properties 
for re-use after being heated to high temperatures whilst encased in 
no-fines concrete. I  For purposes of reinstatement of a fire damaged 
reinforced no-fines concrete structure, both types of steel bars could 
be considered for re-use with little modification to their characteristics 
for design purposes. 
These results are comparable to earlier investigations made by 
Morley 9.29 and also Khan 9,30  for plain and deformed bars encased in dense 
concrete. However, it must be stressed that those bars in dense concrete 
were provided with 1 hour heat soaking at test temperature whilst the 
same type of bars in no-fines concrete were given 4 hours heat soaking. 
Thus the performance of the bars in no-fines concrete could be considered 
to be superior. 
13.5 Bond tests on no-fines concrete at ambient and elevated tem- 
peratures (Test Series 4) 
13. 5. 1 Bond strength of reinforced no - fines concrete at room temperature 
A summary of results for the bond pull-out tests on no-fines concrete 
at room temperature is presented in Table 10.3. These results show 
the mean maximum bond stress (and corresponding values of bond slip 
and AE) of plain and deformed bars coated with cement slurry in no-fines 
concrete made with whinstone aggregate and of mixes of 1 : 8 and 1 : 10. 
The curves that illustrate bond stress-slip relationship at normal tem-
perature (20°C) are shown in Figures 10.8a-c. Complete descriptions 
of these results are provided in Section 10.8. 
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The average bond stresses derived (for the no-fines concrete) 
are considered to be underestimated because of the excessive contact 
area assumed. This is further discussed in Section 13.5.1.2. 
Generally, the results show that the higher the concrete strength 
the higher the bond strength. The influence of strength also manifests 
in the slip values with the weaker concrete showing greater slippage. 
The results further disclose that the mechanism of bond breakdown 
in the pull-out specimens containing both deformed and plain bars all 
indicated bond failure by the bars pulling out of the concrete. No splitting 
of the concrete specimens was noted. In other words, the mode of failure 
was by bond slippage. This mode of failure agrees with the general 
pattern of slip failure so far observed for bond strength in lightweight 
concrete 913 The slip mode of failure for the deformed and plain bars 
could be attributed to shear failure in the concrete along the layer of 
cement coating on the surface of the bar (Figure 9.2). 
13. 5. 1. 1 Effect of cement-aggregate ratio 
The effect of the concrete mix proportions on the bond strength 
is demonstrated in the comparison of results provided for the 1 : 8 and 
1: 10 mixes in Table 10.3. As can be seen from the results, the richer 
1: 8 mix provided stronger bond strength - approximately 23% greater 
than that of the lean 1 : 10 mix. These results conform with those obtained 
for the compressive strengths of the two mixes which showed about 
39% difference in magnitude, the 1: 10 mix being the weaker. The ratio 
between the maximum bond strength and the cube crushing strength 
for the 1 : 8 and 1: 10 mixes were 0.195 and 0.220 respectively. The 
closeness of the two ratios confirms the suggestions made by Martin 
as well as Sager and Rostasy 969  that the bond strength is influenced 
by composition or strength of the concrete. 
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The higher bond strength of the rich mix as explained in Section 
9.2.4.3 was due to its greater proportion of cement content which induced 
greater adhesion bond. The results agree with observations made by 
Short and Kinniburgh (Section 9.2.4.3) that, for both dense and light-
weight concretes, the bond strength is liable to increase with improved 
compressive strength. 
Comparison between the results for the 1 : 8 and 1 : 10 mixes and 
similar results for 1 6 mix of an earlier investigation (Section 9.4.4.3, 
Table 9.1) demonstrates further this effect of aggregate-cement ratio 
on the bond strength of no-fines concrete. 
Therefore, it could be recommended that richer mixes be used 
in situations-of reinforced no-fines concrete structural elements requiring 
greater bond strength. This is corroborated by the practice in Russia 9,86 
where a richer mix is normally used for reinforced no-fines concrete 
beams over large openings. 
13. 5. 1. 2 Effect of bar type 
The test results show that the deformed bars coated with cement 
slurry gave bond strengths about 51% higher than those obtained for 
the plain coated bars. The higher bond strength of the deformed bar 
was attributable to the deformations or ribs on the bar surface. However, 
the surface of the deformed bars were coated with cement slurry and 
it is suggested that the cement coating of the spaces between the bar 
ribs could reduce to some degree the effectiveness of the mechanical 
anchorage provided by the ribs against bond failure. The thickness of 
the layer of cement coating becomes the critical factor. Neville 987 sug-
gested that the bar be coated with a thin layer of about 3 mm (a' in.) 
thick cement paste. Similar investigations on the bond strength of aerated 
concrete 9 ' 3 had shown no improvement in the bond strength when the 
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deformed bars were coated with cement slurry. It has been shown that 
the cement coating did improve the bond strength of the deformed and 
plain bars. However, for the deformed bars, this aspect would require 
further investigation. The results - as obtained - compare well with 
those of previous investigations (Section 9.2.4.4.3, Table 9.1). One 
other factor, which is considered to influence the calculated average 
bond stress for both types of bars, is the effective contact area assumed 
to exist between the embedded bar and the concrete. The porous nature 
(voids) of the concrete (see Figure 9.2) would suggest that the overall 
contact area assumed for computations was incorrect (overestimated). 
The calculated average bond values therefore would represent under-
estimates, i.e. be less than what they actually were. However, the 
error is on the safe side and for this reason it is considered to be accept-
able. This effect could be greater for the deformed bar for which further 
investigation would be required. 
13. 5. 1. 3 Effect of aggregate type 
Comparison of the bond test results for the no-fines concrete 
made of basalt aggregate with previous results (Table 9. 1), for which 
gravel aggregates were used, indicated that the bond strength of the 
crushed stone (basalt) aggregate was inferior. This agrees with the 
general finding that the type of aggregate influences the bond strength 9.68 
It could be suggested that the better bond performance provided 
by the gravel aggregate might be attributed to the rounded shapes of 
the gravel aggregate particles. The rounded shape of the gravel as 
opposed to the sharp angular shape of the crushed stone is coated more 
easily with cement paste, thereby providing stronger bond between the 
aggregate and cement paste. Also, the gravel aggregate nodules could 
pack more effectively around a bar perimeter (see Figure 9.2) than the 
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crushed stone particles which have irregular angular shapes 987 ; hence 
the first provides better bond between the concrete and the bar 738• 
Finally, greater pores could be created in the irregular angular crushed 
stone aggregates than the round gravel aggregates. 
Thus for better bond performance in no-fines concrete, gravel 
aggregates would be preferable to those of crushed stone. 
13. 5. 1. 4 Effect of age of concrete 
The summary results shown in Table 10.3 for the bond tests exhibit 
the bond strengths of deformed bar in no-fines concrete of 1 : 8 mix in 
specimens of age 6 and 12 months respectively. The bond of 12 months 
old specimens indicated a 46% increase in strength over those for the 
6 month specimens. This reveals that the bond strength increases with 
age of the concrete. The foregoing agrees with the general observation 
of increase in concrete strength with time as normally occurs in dense 
concrete 987 as well as no-fines concrete 1313 . 
The increase in bond strength between the concrete and steel 
with time was attributable to the increase in bond of the aggregate- 
cement paste with time as more of the cement gel continued to hydrate 9.87 
These results are similar to those of previous investigations 915 . 
13. 5. 2 Bond strength of reinforced no-fines concrete at elevated 
temperatures 
The results showing the effect of high temperatures on the bond 
between no-fines concrete and steel reinforcement coated with cement 
slurry are shown in Figures 10.8a-m and described in some detail earlier 
in Section 10.8. The discussion and analysis of these results are provided 
below. 
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13. 5. 2. 1 Thermal movement versus temperature relationship during 
heating/cooling cycles 
The concrete-steel interaction at their interface during the process 
of heating the bond specimens manifested through the development of dif-
ferential thermal movement 	therm  or relative displacement between the 
bar and surrounding concrete at the bond interface. The thermal move- 
ment depicts the total (net) strain due to thermal expansion and shrinkage 
in the no-fines concrete constituents and the steel bar ' 3 . The thermal 
movement, which is a function of the differential thermal strains developed 
between the concrete and the bar, depends upon the temperature level at the 
bond!interface.-  To examine the relationship between the thermal movement 
and the interface temperature level would require an analysis of the behaviour 
of both the concrete constituents and the steel bar during the heating process. 
When concrete is heated, its moisture is removed with rising temperature 
depending upon the rate of heating. The net volume change (either expansion 
or contraction) in the concrete at any instant is a result of complex processes 
that consist of thermal expansion in the aggregate and the solid phase of the 
cement paste together with shrinkage in the cement paste due to moisture 
For reinforced concrete under heating, the process becomes 
more complex as expansion in the steel also becomes operative. The net volume 
change depends upon the temperature level and the type of aggregate used 135• 
For a moderate rise in temperature (i.e. <100 0C), expansion occurs both in 
the aggregate and solid phase of cement paste whilst at the same time shrink-
age occurs in the cement paste. However, at this stage the shrinkage in the 
cement is subordinate to the total expansion in the aggregate and solid phase 
of the paste. Hence the net effect is expansion in the concrete. At higher 
temperature levels (between 100-600 0C), the net volume change in the concrete 
would depend on whether the effect of shrinkage in the paste predominates 
over the total expansion or vice versa, depending upon the type of aggregate 
3i4 
used and proportion of each material. Most aggregates used in concrete ex-
pand but a few show shrinkage 13+, 76O; the expansion in the aggregate also 
outstrips the shrinkage in the cement paste of most types of concrete (Figure 
7.2c). However, for certain types of aggregates, which are considered to be 
chemically stable 136 and have comparatively low thermal properties (Section 
6.3.4), the expansion in the aggregate has been found to be overtaken by the 
shrinkage in the paste. Works by Petzold et al. 	and Diederichs et ci. 9*54 
included basalt aggregate among the stable aggregates. Harmathy' 36 suggested 
that concretes that do not exhibit more than 5% weight loss, when heated from 
100 to 870°C, could be considered as made with chemically stable aggregates. 
Earlier investigations (Section 8.7, Figure 8.3) show that the difference. in weight 
loss of the no-fines concrete (of basalt aggregate), when heated from 100 to 800°C, 
for cylindrical specimens is about 15% and that for cube specimens is about 8%. 
This, therefore, means that the aggregate could be considered to be fairly stable. 
Figure 10.8 Q shows a typical graph of the relationship between the 
thermal movement and the temperature at the bond interface during the 
heating up period. The "5th erm TiT' curve illustrates the development of 
a typical thermal movement at bar-concrete interface during a heating 
process. Descriptions of the results for this is provided in Section 10.8.7. 
The thermal movement at the bond interface at any instant during 
the heating cycle could be considered to be the sum of the following: 
thermal expansion in the aggregates; 
thermal expansion in the solid phase of the cement paste; 
thermal shrinkage in the cement paste; and 
thermal expansion in the steel bar. 
The net thermal strain at the bond interface depends upon which of the total 
effects (i.e. expansion or shrinkage) becomes predominant as already explained. 
The behaviour of the no-fines concrete and the interaction between 
the concrete and steel at their bond interface during the heating period 
could be explained by considering the complete shape of the thermal 
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movement curve in three sections corresponding to three temperature 
/ 
levels, as follows: 
Between 200 and 100°C: initially the concrete expands when heated 
as indicated by the positive thermal movement upwards. The net positive 
thermal strain (movement) is interpreted to mean that, up to 100°C, the 
concrete and steel expand. The shrinkage in the paste is not predominant 
at this stage. The effect of the differences in thermal strains between 
the concrete constituents and also the steel would be to induce internal 
thermal stresses. However, at this stage, these internal stresses appear 
not to be potent enough to cause cracks at the bond interface. This 
was borne out by the virtual non-existence of AE signals (Figure 10.8k). 
100 to 500°C: during this stage the concrete loses its free water 
by evaporation and dehydration of the calcium silicate hydrates (commonly 
referred to as tobermorite gel) occurs. The dehydration of the tober-
monte gel is considered to be continuous up to about 870°C 136 The 
porous nature of the concrete coupled with the slow rate of heating 
allowed the phenomenon of spalling to be avoided since heated steam did 
not accumulate and, unlike behaviour within a dense concrete, the build 
up of a steep thermal gradient was not detrimental (see Sections 13.4.4 
and 13.4.11). Steam was observed to escape at this stage. The volume 
change in the concrete is shown by the change in 6therm  from a positive 
upward movement to negative downward movement. This could be inter-
preted to mean that the net thermal strain was shrinkage,. i.e. the shrink-
age in the cement paste exceeded the total expansion in the aggregate 
and the steel bar as well as the expansion in the solid phase of the cement 
paste. Some breakdown at the bond interface also appeared to have 
taken place as shown by the gradual increase in AE (acoustic emission) 
316 
signals. Within this range, marked changes could be distinguished 
in the gradient of the curve between 100 - 200°C and 300 - 400°C respec-
tively. These changes corresponded to peak evaporation of the free 
water as well as when dehydration of calcium aluminate hydrates occurred 
in addition to the continuous dehydration of the calcium silicate hydrates. 
This was reproduced in the shape of the AE-T i  curve wherein changes 
in the slope could be observed first with a steep gradient between 100°C 
and 200°C and again with a much more reduced gradient between 300°C 
and 400°C. The changes in the gradients of the curve were the results 
of greater AE output due to marked progressive thermal movements. 
(c) 500 to 600°C: when the concrete is heated to higher temperatures 
of about 500 - 600°C, disintegration of calcium oxide hydrates (Ca(OH) 2 ) 
takes place around 500°C. Besides this, chemical change proceeds within 
the aggregate through a to quartz transformation which reaches its 
peak at 575°C. The effect of these volume changes is visible in the 
behaviour of the thermal movement at the bond interface as shown by 
the curve. The negative movement (i.e. shrinkage) reaches its peak 
at about 525°C. Hereabouts, the direction of the curve is reversed 
again and becomes positive (expansion). The change from contraction 
(shrinkage) thermal strain to that of expansion could be attributed to 
the marked volume changes that occurred in the concrete due to chemical 
changes in the cement paste and aggregate respectively. The expansion 
of the concrete continued up to the end of the heating period as reflected 
in the 6therm  curve. At these higher temperatures the thermal stresses 
developed were greater due to increased thermal incompatibility. Hence 
more cracks formed at the interface. 
Comparison of the AE and therm  curves at about 600°C indicated 
that the level of AE output rate was not very significant. This could 
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mean that the volume transformation in the aggregate was not very sub-
stantial. Such an outcome could be expected since the basalt aggregate 
used has about 54% by weight of silica (Si0 2 ) content (Table 3.6, Section 
3.3.1). The diminished rate of increase in the AE signal output towards 
the end of heating would suggest that very little thermal strain was 
taking place at that stage and most of the cracking at the bond interface 
had ceased. This finding agrees with what Diederichs and Schneider 
observed for reinforced dense concrete made of basalt aggregate. 
Figure 10.8k 1  shows a typical "6therm-Timell relationship during 
heating and cooling cycles (Section 10.8.6). It can be seen from the 
diagram that the total movement or strain attained over the cooling period 
is greater than that recorded for heating-up time. This can be inter-
preted to mean that additional degradation occurred at the bond interface 
during the cooling period. This additional strain could be attributed 
to irreversible strain that occurred in the concrete during the cooling 
period (Section 9.3.4.2.2). It is suggested that this irreversible thermal 
strain could account for the fact that the residual strength of concrete 
is lower than the hot strength. 
Figure 10.8k 2  shows the variation of thermal movement with time 
for pull-out specimens stressed and unstressed during heating to 100°C 
(see Section 10.8.6). The curves indicate that the thermal movement 
was greater when specimens were stressed than unstressed during the 
heating period. 
It is suggested that the greater thermal strain That occurred in 
the stressed specimen was due to the effect of creep strain. These 
results agree with observations made in previous investigations 
9.29• 
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13.5.2.2 Bond interface temperature 
Figure 10.8m 1 shows typical variations of bond (concrete-steel) 
interface temperature (Ti). with heating time (t). Curves illustrating 
the distribution of temperature at the interface are to be seen in Figure 
8.6. A summary of the maximum (saturation) values of the bond interface 
temperatures, that corresponded to different test furnace temperatures, 
is furnished in Table 10.4. Complete descriptions of these results are 
provided in Sections 10.8.8 and 10.8.9. 
It can be seen from the results that the temperature rise at the 
bond interface (shown by the curves in Figure 10.8m) is lower than 
that recorded for the furnace temperature (exposed face temperature) 
as well as the concrete mean temperature (Section 13.4.5). The temper-
ature gradient over the 70 mm separation between the concrete-steel 
interface and the exposed external face of the concrete (Figure 8.6) is - 
shown to be lower than that between the (37.5 mm distancing) concrete 
mean point (mid-radius) and the exposed external face (Section 13.4.4). 
In comparison with that of the exposed external face of the concrete 
specimen, the rate of temperature rise at the bond interface was lower 
due, specifically, to the same reason that was adduced to 'explain the 
moderate rise in temperature at the concrete mean point (Section 13.4.5). 
The inherent low thermal properties of no-fines concrete as a material 
(Section 13.3) allowed only a slow rate of heat transfer to operate within 
the concrete and this lessened the temperature (heat) saturation at 
the bond interface. Consequently, the reinforcing steel was provided 
with some degree of insulation against temperature gain. 
It could be deduced from Figure 10.8m 1 that the no-fines concrete 
of basalt aggregate (and 70 mm cover) could provide the reinforcing 
steel bar a minimum of 3 hours insulation against a temperature rise of 
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less than 300°C. This result is compatible with those from previous 
tests on the fire resistance of no-fines concrete walls (Section 6.4.6, 
Table 6.2). 
In comparison with that of dense concrete 9.29, 9.30 the temperature 
saturation at the bond interface of no-fines concrete could be judged 
to indicate that the no-fines concrete provides better thermal insulation 
to reinforcing steel. Whereas it took about 1 hour to saturate dense 
concrete specimens 929 930 under heating at 2 0C/mm at a test temperature, 
it took not less than 3 to 4 hours to achieve the same degree of temperature 
saturation in no-fines concrete specimens with the same intensity of 
heating. It must be stated that the effect of providing 3 to 4 hours of 
temperature dwell - so as to create uniform a temperature distribution 
- -
at the bond interface - was the greater loss of moisture from the concrete 
compared with that of 1 hour heat saturation and its influence on material 
strength (see Section 13.4.7). 
13. 5. 2. 3 Mode of bond failure 
The nature of the bond failures observed for the pull-out specimens 
tested is described in Section 10. 8. 10 and shown in Figure 10. 9. 
(a) Plain bars: the mode of bond failure of the plain bars was by the 
bar simply pulling out of and leaving a hole inside the surrounding con-
crete but hardly causing any damage to the concrete. 
The cause of bond failure in this instance was shear failure in the concrete 
at the bar-concrete interface. After adhesion bond resistance had broken 
down (Section 9.2.2), the pull-out of the bar was resisted by frictional 
resistance at the bar surface. This frictional bond resistance occurred 
due to surface roughness of the steel bar and in the form of shear forces 
which were opposed by shear resistance in the concrete. Thus the bond 
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failed when the shear resistance in the concrete was overcome. This 
also explains why bond and shear stresses in concrete are very similar 9.25 
(b) Deformed bars: the general nature of bond failure for the pull-
out specimens with deformed bars was similar to that of the plain bar 
specimens. The bond failure was also by slippage of the bar out of 
the surrounding concrete and with little damage to the concrete. The 
mechanism of bond for deformed bars - as explained in Section 9.2.2.3 - 
depended mostly on the mechanical resistance produced by the lugs 
(ribs) of the bar (see Figure 9.2). In this instance, bond failure occurred 
when shear failure was initiated in the concrete surrounding the ribs 
(Figure 9.2). The failure was caused by the lugs of the bar shearing 
the concrete between two ribs. The effectiveness of the ribs could 
be reduced to some extent by cement slurry coating on the bar surface. 
The plane of shear failure in the concrete is suspected to occur in the 
cement coating along the bar surface (see Figure 9. 2). 
The failure of the pull-out specimens containing the deformed 
bars occurred without any splitting in the concrete; hence its mode 
of failure may be described solely as bond failure by slippage. This 
agrees generally with modes of bond failure reported for lightweight 
concrete 9.12, 9.13 
13. 5.2.4 Effect of temperature on the residual bond strength 
The effect of temperature on the residual bond strength of no-
fines concrete is shown in Figure 10. 8e and described in Section 10. 8. 2. 
The bond strength initially suffered no loss but instead increased 
with rise in temperature up to about 300°C after which it declined. The 
reduction in bond strength continued gradually with temperature increase 
but between 500°C and 600°C, the rate of reduction appeared to increase 
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more rapidly. At 800°C, less than 20% of the original bond strength 
at 20°C remained. 
The bond strength's reactions to temperature rise follow the same 
general pattern obtained for the residual compressive strength of the 
concrete (Section 13.4.6). This result was also similar to findings made 
by Sager and Rostasy Eb as well as Milovanov and Pryadko 958 (Section 
9.3.3). 
The explanation adduced for the variation in concrete strength 
with rising temperature applies also to the behaviour of the bond strength 
at high temperatures. It has been established already elsewhere (Section 
9.2.4.3) that the bond strength of concrete depends upon its concrete 
strength. It becomes apparent then that the behaviour of the bond 
should be influenced in the same manner as the concrete strength when 
it is heated to high temperatures. 
The initial gain in bond strength could be considered to be due 
mainly to heat stimulated hydration of unhydrated compounds in the 
cement paste of the concrete and arising from loss of moisture or of 
free water at moderate temperatures. Usually this would dislodge adsorbed 
water from the cement gel and cause the forces of cohesion of the solid 
particles to increase (Sections 7. 5. 2. 1 and 13.4. 6). In addition, it 
is considered that the effect of shrinkage in the concrete made with 
basalt aggregate could be to augment both the adhesion and frictional 
bonds of the concrete (Section 9.2.4.3). Investigations made by Diederichs 
and Schneider 9 * 54  established that basalt concrete shrank compared with 
the steel bar as temperature rose; hence the adhesion bond for the 
concrete remained even up to the higher temperature of 800°C (Section 
9.3.3). According to Lutz and Gergely 915  also, shrinkage of the concrete 
(on drying) causes compressive stresses between the steel bar and 
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concrete and these could neutralise tensile stresses that might develop 
cracks at the interface. 
The subsequent decline in bond strength - above a temperature 
level of 300°C - occurred when the failure strain at the bond interface 
became predominant due to excessive shrinkage in the concrete.. The 
marked reduction that occurred in the bond strength at temperature 
levels above 500 - 600°C could be ascribed to the chemical changes that 
took place in the calcium hydroxide and the aggregate respectively at 
those temperature levels (Section 6.3). At about 500°C peak dehydration 
occurs in the calcium hydroxide (Ca(OH) 2 ) and at 575°C ct to quartz 
transformation takes place in the basalt aggregate ° with silica content 
of 54% (see Table 3.6). 
The effect of the chemical decomposition in the Ca(OH) 2 was to 
drive off more moisture or water from the concrete whilst the chemical 
transformation in the aggregate led to increased expansion in its volume. 
Thus very substantial differential strain occurred at the bond interface 
and this led to the remarkable reduction in bond strength. 
13.5.2.5 Effect of test conditions on bond strength 
The influence of various test conditions (Section 10.2) on the 
bond strength at high temperatures are discussed below. The relevant 
results are described in Section 10.8.2 
13. 5.2. 5. 1 Influence of temperature of heat treated concrete (hot and 
residual bond strengths) 
The influence of the temperature of heat treated concrete (at 
the instant of bond pull-out testing to failure) on the bond strength 
is demonstrated by the results obtained for the hot and residual bond 
srengths. The hot bond strengths were determined under test conditions 
1 and 3, whilst the residual strengths were derived under test conditions 
2 and 4 (Section 10.8.2). 
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It can be seen from the results (Section 10.8.2) that, generally, 
the hot bond strengths were better than the residual. Below 300°C, 
however, this influence was not significant and the trend tended to 
reverse with the residual bond strength slightly greater than the hot 
strength. These characteristics of the concrete's bond agree with observa-
tions made on the bond of dense concrete at elevated temperature in an 
earlier investigation by Morley and Royles 972 . Work by Milovanov and 
Pryadko 958  also suggested that the bond strength in the residual condition 
declined to a greater extent than the hot one. 
The poorer performance of the residual compared with the hot 
bond could be attributed to the same reason that was adduced for the 
corresponding behaviour of the compressive strength of the concrete 
(Section 7.3.2). Residual (thermal) strain developed - as the concrete 
specimens cooled - was greater than that which happened during the 
heating (Section 13.5.2); hence there was a greater reduction in the 
residual bond strength (Section 9.3.4.2.2). 
The exceptional[-  hiqu of the bond below 300°C, i.e. when 
the hot became less than the residual bond strength, could be assumed 
to be the result of additional thermal strain that probably could have 
occurred due to presence of the steel bar (i.e. between the steel and 
concrete) during the test for the hot strengths at the lOwer temperature 
level (Section 9.3.4.2.2). 
13.5.2.5.2 Effect of pre-loading during heating on bond strength 
The effect of restraining (pre-loading) the pull-out specimens, 
during the heating up period, on the bond strength at high temperatures 
is shown by the curvesinFigures 10.8(d 1-d+) drawn for the stressed 
and unstressed bond strengths, all of which are described in Section 
10.8.2. The restraint in the specimens was achieved by subjecting each 
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of them to a design load (Section 10. 2), which was about 20% of the 
ultimate pull-out load at 20°C. The logic behind pre-loading the pull- 
out specimens before heating derives from the fact that concrete structures, 
prior to any temperature (fire) attack, are generally pre-loaded or have 
compressive stresses (strains) superimposed in their section s 737 . 
It would appear from the results (Section 10.8.2) that the specimens 
heated under stress (pre-loaded) showed better bond performance in 
comparison with their counterparts without load. This effect appears, 
however, not significant at temperature levels below 300°C. Similar 
observation was made by Morley and Royles 972 for parallel tests on dense 
concrete. 
The reactions of the bond of the heat-treated specimens could 
best be explained by contrasting them with the comparative behaviour 
of the associated differential thermal strains (Section 10.8.2, Figure 
10.8k2 ). As shown in Section 13.5.2.1 the differential thermal strain for 
the specimens loaded during heating were greater by comparison with 
the unstressed ones. The greater thermal movement for the stressed 
heat treated specimen was attributed to the effect of creep strain due 
to the load on the specimens during heating. This is because, when 
concrete is heated under load, the thermal movement is very much in-
fluenced by creep 13 ,1, 
The total strain induced in the bond at the steel bar/concrete 
interface for stressed specimens could be considered to be the resultant 
of the following: 
differential thermal strain due to thermal loads; 
the elastic strain due to restraining loads; and 
creep strain (including shrinkage strain) due to restraining loads. 
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The effect of the creep strain would be to reduce the effect of sources 
(i) and (ii) which tend to form cracks at the bond interface 72 13+, i.e. 
the creep causes a relaxation of the heat-induced stresses. The extent 
of the creep or limitation of crack formation would depend upon the 
time of loading, the rate of heating, the temperature of the specimen 
and the restraining loads on the pull-out specimens (Section 7.4.5). 
The pre-load in the pull-out heat treated specimens could be con-
sidered to act like a "pre-stress". The effect of the external restraining 
force would be to impose a compressive stress on the concrete during 
heating. Consequently, when the pull-out concrete specimen is heated, 
any cracking which develops in the cement matrix would be eliminated 
or reduced and the thermal strain also would be reduced 713 
However, the results (Figure 10.8d) indicated that the effect of 
pre-loading specimens before heating on the bond strength at high tem-
peratures was adverse below 300°C compared with the no-load (unstressed) 
heat treated condition. It could be suggested that, below 300°C, the 
effect of creep was not predominant since the temperature effect on 
creep in concrete at this level could be considered minimal (Section 7.4. 5). 
The most likely explanation for the greater reduction of the bond of 
the pre-loaded heat treated specimens below 300°C might be probable 
cracks which could have developed inside the cement paste at the steel-
concrete interface (before the pull-out testing to failure) due to the 
pre-loading (i.e. restraining load) on the specimen during the heating. 
13.5.2.6 Comparison between bond, compressive and tensile strengths 
Figure 10.8h shows curves drawn for the residual maximum bond, 
maximum compressive and maximum tensile strengths of the no-fines 
concrete (see Section 10.8.3). 
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When compared the reactions of the bond and compressive strengths • 
of the concrete appear to be similar; the curves indicate that, generally, 
the bond and concrete strengths are influenced by temperature change, 
i.e. each strength showed loss in value with rising temperature. The 
bond strength would appear, however, to suffermal1er reduction in 
value with rising temperature than the compressive strength of the concrete. 
Previous investigations 929, 9.30 on dense concrete indicated that the bond 
strength showed greater loss than the compressive strength after exposure 
to high temperatures. It was suggested that 929  the bond suffered greater 
loss because of additional differential thermal movement that occurred 
between the steel and the concrete besides the differential thermal move-
ment between the aggregate and cement paste. 
The smaller effect of temperature on the bond strength in this 
investigation could be attributed to thermally induced shrinkage in the 
concrete due to the type of aggregate used in the concrete. It was 
shown in Section 13.5.2.1 that the predominant thermal movement between 
the no-fines concrete with whinstone aggregate and steel (in these tests) 
was shrinkage. Thus the influenOe of the thermally induced shrinkage 
in the concrete would be to cause the bar to be more firmly gripped 
by the surrounding concrete. Hence the bond strength would be aug-
mented. It could be said that the effect of heating on the bond strength 
would be of a less destructive nature compared with the same effect on 
the concrete strength 954 . Grin and Beckmann 9,78  observed in their 
investigations that concrete of basalt aggregate was least affected by 
heating. The concrete used in previous investigations (Section 9. 3. 3) 
would appear to have contained high amounts of silica due to the quartz 
aggregate employed; hence, as the work of Diederichs and Schneider 95 
had shown, such concrete would expand more than the steel especially 
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above 350°C and greater cracking would occur at the bond interface 
(Section 9.3.4.4). 
The tensile strength of the concrete, on the other hand, showed 
the clearly expected and greater rate of decline under temperature influence 
compared with bond strength. This is in agreement with previous findings929' °. 
It could be suggested that the greater reduction in the tensile strength of 
the concrete compared with that in the bond strength might be attributed 
to the same reason adduced to explain the differences between the compres-
sive and tensile strengths of the concrete (Section 13.4.6). 
The rate of decline in the density of the concrete (Figure 10.8h) 
corresponded with that of its bond and concrete strengths, implying that 
the loss in both bond and concrete strengths was related strongly to loss 
of moisture within the concrete. 
13. 5. 2. 7 Effect of aggregate-cement ratio on the bond strength at 
high temperatures 
Figure 10.8i shows curves which allow comparison to be made of 
the effects of aggregate-cement ratios on the bond strengths of no-
fines concrete at elevated temperatures. The curves drawn represent 
the bond strengths of no-fines concretes of 1 : 8 and 1 : 10 mixes, respec-
tively, after exposure to high temperatures (Section 10.8.4). 
It can be seen from the curves that the bond strength of the richer 
(1: 8) mix suffered greater losses in value than the companion lean 
(1: 10) mix. This agrees with findings made by Sager and Rostasy 
(Section 9.3.4). The general (bond) behaviour was similar to that ob-
served for the residual strength of the heated concrete (Section 8. 7, 
Figure 8.2a). 
In the discussion on the effect of mix proportion on the strength 
of the heated concrete (Section 13.4.8) it was explained that rich mixes, 
with higher cement content, would have their cement paste shrinking 
M-1  
more than the lean ones. Therefore it could be anticipated that for 
richer mixes there would be greater increase in the internal induced 
destructive stresses due to greater thermal incompatibility between the 
concrete's constituents and steel at the bond interface of the pull-out 
specimens. Thus greater reduction would occur in the bond strength 
- of the richer mixes compared with the lean ones. 
Also, the works of Malhotra °7 and Watkeys 98 established that 
the strength of rich concrete mixes, when heated, suffer greater reduc-
tion than the companion lean ones. Bond and concrete strengths have 
been shown to be interrelated (Section 13.5.1). 
13. 5. 2. 8 Effect of type of bar on bond strength at high temperatures 
The effect of type of bar on the bond strength at high temperatures 
is shown in the graph drawn in Figure 10.8j for plain and deformed 
bars (see Section 10.8.5). Comparing the curves in Figure 10.8j, it is 
clear that the bond performance of the deformed bar (tor-bar) was far 
superior to that of the plain bar. 
The influence of temperature on the bond stress-slip relationship 
for the plain and deformed bars is shown in the curves drawn in Figures 
10.8a,b,c. It can be seen that the response was similar in each case, 
but the rate of decline in bond strength was far greater for the plain 
bar at higher temperatures (Section 10.8.5). 
The better performance of the deformed bar in no-fines concrete 
at room temperature was ascribed to the mechanical anchorage provided 
by the ribs on the bar surface (Section 13.5.1.2). It could be argued 
that the bar type has some effect on the bond strength at elevated tem-
peratures for the same reasons as those given for similar effect on the 
bond at room temperature (see Section 13.5.1.2). This result accords 
with observations made in previous investigations (Section 9.3.4.4). 
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13. 5. 2. 9 Influence of duration of heating on bond strength 
The effect of heat soaking time or temperature dwell, i.e. duration 
of heating at maximum test temperature, on the bond strength is shown 
in Figure 10.8g and described in Section 10.8.11 for heat soaking times 
of 1 and 4 hours respectively. 
The results indicate that the reduction in the bond strength (due 
to heating) was influenced to some degree by the duration of heating at 
maximum test temperature. However, the extent of the influence diminished 
with increased loss of moisture in the specimens as temperature rose higher. 
This was demonstrated in the results by the fact that below 300°C, the 
amount of loss of bond strength with temperature increase was higher for 
the 4 hours heat soaking whilst, above 300°C, the trend reversed and the 
greater loss occurred for the 1 hour heat soaked specimens. This behaviour 
was similar to that observed for the strength of the concrete (Section 13. 4. 7). 
It is suggested that the reasons put forward to explain the effect 
of the duration of heating on the concrete's strength would hold for the 
same effect on the bond strength (see Section 13.4.7). 
13. 5. 2. 10 Effect of type of aggregate on the bond strength at high 
temperatures 
The influence of aggregate type on the bond strength at elevated 
temperatures was not. studied as a variable parameter in this investigation. - 
However, previous investigations by Sager and Rostasy 968 as well as 
Diederichs and Schneider 9 54 indicate that the behaviour of bond strength 
at high temperatures was affected by the type of aggregate used in the 
concrete (Section 9.3.4.3.2). The bond strength of concrete made with 
siliceous aggregate (of high silica content) tends to suffer greater reduc-
tion with temperature increase. In comparison with that of other concretes, 
the bond strength of concrete made with basalt aggregate tends to suffer 
the least reduction in strength 9*54 
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It is considered that the internal thermal stresses in concrete, 
that create destructive stresses at the bond interface at high temper-
atures, depend upon the magnitude of the differential thermal strains 
between the concrete constituents and the steel bar (Section 9.3.4.3.2). 
The differential thermal movements between the concrete constituents (ag -
gregates and cement paste) depend upon their coefficients of thermal expan-
sion as well as the chemical change (i.e. ci. to quartz transformation) 
that occurs in the aggregate (Section 9.3.4.3.2). 
Hence basalt aggregate with low silica content (Table 6.1) and 
also low, coefficient of thermal expansion (Tables 6. 1 and 7. 1) could 
be considered to undergo very little thermal change when heated. Con-
cretes made of basalt aggregate have been found not to suffer great 
losses when heated (Figure 7.8j). Investigations made by Diederichs 
and Schneider (Section 9.3.3) also showed that the bond of basalt aggreg-
ate concrete tends to perform well at high temperatures. 
The influence of basalt aggregate on the concrete strength at elevated 
temperatures is discussed and analysed in Section 13.4.9. The inter-
relationship established between bond and concrete strengths (Section 
9.3.4.3) would suggest that the reasons provided to explain why aggreg-
ate type has some effect on concrete strength at high temperatures could 
be extended to explain the response of the bond to aggregate type at 
the same (high) temperatures. 
13.6 Application of AE technique to study bond performance (Test Series 5) 
13.6. 1 AE versus temperature relationship during heating cycle 
The relationships between acoustic emission (AE) total counts and 
temperature (Ti) and also between the differential thermal movement 
(ôtherm ) and temperature (Ti) are illustrated respectively by graphs 
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shown in Figure 10.82. These results are described in Sections 10.8.7 
and 11.5.2. 
Firstly, it was intended that these results would assist in establish-
ing the concret-steel interaction at their interface during the heating 
up period. Secondly, it was anticipated that the results would help 
also to establish any correlation between the AE output and 6therm 
(Section 13. 5.2) at the bond interface. 
It can be seen from the shape of the "AE-T" curve - as indicated 
by variation in its slopes - that the AE output increased with rising 
temperature. However, the relationship was not a linear function. It 
can be seen by comparison of AE and 6therm  that their variations with 
temperature increase were similar (Section 13.5.2). The two curves 
trace opposite paths in their development, i.e. their shapes arein a 
mirror-image form. They also display simultaneous variation in their 
slopes at specific temperature levels throughout the heating process 
to suggest that their rates of increase with rise in temperature could 
be similar. The variation of AE and 6  therm with rising temperature 
allows the level of degradation at the concrete-steel interface to be con-
sidered in three tmperature ranges as described in Section 10.8.7, 
viz: 
(a) Below 100°C: the concrete and steel expand (see Section 13.5.2.1) 
and the total differential strain is shown as an expansion or positive 
thermal movement (Figure 10 81) However, at thisrsth, the degree 
of thermally instigated volume change was minor as indicated by the 
small magnitude of 6therm  Hence the magnitude of the AE also was 
small; indicating that the destructive internal stresses which set up 
crack development were minimal as demonstrated by the low level of AE 
counts output. 
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Between 100°C and 500°C: the concrete experienced a great deal 
of moisture loss due to evaporation and dehydration of chemically combined 
water. This led to substantial volume changes in the concrete. Thus 
extensive thermal movement occurred between the concrete and steel 
only to lead to marked crack development at the bond interface as shown 
by the pronounced AE signal output. 
From 500°C to 800°C: 
Between 500°C and 600°C: the concrete and steel underwent 
substantial volume change due firstly to chemical decomposition 
in the Ca(OH) 2 of the cement paste, secondly due to a to quartz 
transformation in the aggregate and, thirdly, because the steel 
began to expand more rapidly. The resultant effect of these volu-
metric changes is that very substantial thermal incompatibility 
developed at the bond interface. It could be seen that the 6therm 
at this stage changed from negative to positive indicating that 
most of the moisture in the concrete was lost and any shrinkage 
that was occurring in the concrete had ceased and that expansion 
was proceeding. 
Between 600°C and 800°C: the concrete had, at this stage, 
lost almost all of its moisture and the temperature distribution along 
the bond interface had steadied up. Hence the rate of thermal 
movement as well as that of the AE signal output had slowed down 
as shown by the plateau shape of the curves. 
13. 6. 2 AE counts -time relationship 
The acoustic emission (AE) counts versus time and the differential 
thermal movement (6therm)  versus time relationships for the heating/ 
cooling cycles are shown in Figures 10.8k1 & k2 and the results are des-
cribed in Sections 10.8.6 and 11.5.1. 
The curves drawn in Figures 10.8k1 & k2 show relationships between 
(a) AE - Time, (b) Stherm - Time, and demonstrate behaviour typical 
of specimens that had been heated up to 800°C and given a temperature 
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dwell period of 4 hours in order to attain uniform temperature before 
being allowed to cool down to room temperature. The behaviour model 
of the heat treated specimens, shown here, was considered to be repres-
entative enough as to embrace the behaviour of specimens heated at 
lower temperature levels and so such specimens have not been discussed 
specifically. 
The curves are considered to illustrate the influence of heating 
and cooling on the bond degradation at the concrete-steel interface during 
these cycles. It is considered that comparison of the results of the 
AE counts output and 6therm  during the heating/cooling cycles as well 
as the similarities in their patterns of development indicate sufficiently 
that there is an inter-relationship between them. 
The results also disclose that the total amount of AE during the 
cooling period was greater than that which occurred during the heating 
period. Similar development was observed in the 6therm  over the same 
periods. This can be interpreted to mean that further degradation 
occurred at the steel-concrete interface during the cooling. Such an 
outcome agrees with observations that have been made in previous works 
by Purkish 75 , Crowley 76 and Morley 71  (Section 7.4). The greater 
output of AE that occurred during the cooling period could be attributed 
to irreversible residual (thermal) strain that developed within the cement 
paste 77 over this period. 
Figure 10.8k 2 shows curves that represent "AE-Time" and " 5 therm 
Time" relationships obtained for typical specimens (of 1 : 8 and 1 10 
no-fines concrete containing deformed steel bars) which were heated 
up to 100°C both with and without stress during the heating process. 
The results reveal that specimens heated under stress output smaller 
amounts of AE in line with the degradation at the steel-concrete interface 
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compared with the unstressed ones. This is in harmony with the pattern 
of the 6therm curves (on the same graph) which indicate lower differential 
thermal movement for the stressed specimens than for the unstressed. 
As explained in Section 13.5.2.5.2, specimens heated-under stress 
developed creep strains. The effect of the creep strain was to reduce 
the detrimental differential thermal strain at the bond interface. This 
explains the lower values of both the AE output and the 5 therm for 
the stressed specimens during the heating process. This result also 
confirms the conclusion drawn earlier about the correlation between 
AE and 6 therm • 
It could be observed also that the AE output for specimens of the 
richer 1 8 mix was greater than that for the leaner 1 : 10 mix.. This 
demonstrates the influence of cement content on the degradation at the 
bond interface of the heat treated pull-our specimens, i.e. the richer 
mix suffered greater crack development. The cause Of greater crack 
formation within the richer mix - as explained in Section 13.4.8 - was 
higher internal thermal strain which developed inside this mix of higher 
cement paste content. 
13.6.3 Bond stress -AE relationshi 
Graphs showing the relationship between bond stress (cri) and 
AE counts are presented in Figures 11. 1a 1 to 11. 1c 2 and described in 
Section 11.5.3. These graphs exhibit typical "Bond Stress-AE" curves 
and demonstrate the influence of various test parameters (Section 10. 2) 
on the bond strengths. The representation of the results in "ob  -AE " 
form permits comparisons with "a-b-slip  (Lx)" relationships (Figures 10.8a-c, 
Section 10.8.1). 
- 	 It can be seen from comparison that the tta-b_AEt and "07b -  A" curves 
are similar in shape and show identical variation with temperature. The 
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t a7b-AE 11 curves indicatejdecline in the bond stress with increasing tem-
perature. The curves also show that the effect of temperature on the 
bond strength is minimal below 300°C but increases remarkably in mag-
nitude above 300°C. It is also demonstrated that the AE signal output 
increases with increase in bond stress and becomes very large towards 
the bond failure points. 
The influence of temperature on variable parameters such as the 
type of bar is also demonstrated to the same degree as has been done 
for the "ob-At'  relationships (Section 10.8). The "Ob-AE"  relationships 
for plain and deformed bars (Figure 11.1c) establish the superiority 
of the bond strengths of the latter bar in the same manner as was done 
-- with the "ob-A"  relationships. The AE output for the deformed bar 
also established that this bar type provided greater resistance against 
slipping out of the concrete as indicated by the greater maximum AE 
output recorded for the relevant failure loads. This was an expected 
result since the deformation on the bar surface would offer substantial 
resistance against being pulled out and thereby cause some cracks at 
the bond interface. 
The additional ob-AE relationships illustrated in Figure 11.2a1 up 
to Figure 11.2b, seem to be similar to the ones discussed above. 
It is quite clear, based on the above observations, that there is 
some correlation between the AE and bond slip. 
The AE technique could be considered to be a viable. NDT method 
for examining the bond behaviour between concrete and steel. 
13. 6. 4 AE - slip (bond) relationship 
To help establish the inter-relationship between the AE and bond 
slip, part of the bond pull-out test results have been presented in the 
manner shown in Figures 11.2a1 to 11.2b 2 and as described in Section 
11.5.4. 
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It can be seen from the AER versus bond slip curves that they 
have a linear relationship. This reinforces the viability of the earlier 
suggestion (Section 13.6.3) that they are correlated and could be inter-
changeable. 
13.7 Theoretical study of bond behaviour at the anchorage zone of 
a reinforced no-fines concrete flexural member exposed to heat 
13. 7. 7' Distribution curves 
Figures 12.3a,b,c show typical distribution curves for bond slip 
(A), bond stress (ob)  and steel stress (o) along a tension bar in the 
anchorage zone of a reinforced no-fines concrete flexural member after 
exposure to heat. These curves set forth a mathematical prediction, 
based on data from experimental pull-out bond-slip results for distribution 
of slip failures that could occur, 'as well as the variations of bond and 
steel stresses together with the safe anchorage length that would be 
required to sustain the forces in the bar at the critical anchorage zone. 
The curves demonstrate also the effect of temperature on these distribu-
tions at the various levels of temperature that could occur in a fire. 
If a reinforced no-fines concrete beam is considered for analysis, 
the initial slip A. (which is one of the boundary conditions) at the end 
of the beam could take any value greater than zero. Previous investiga-
tions indicated that adhesion bond for dense concrete occurred at a 
slip value of 0.001 mm (Section 9.2) and this value is adopted here. 
For purposes of comparison, distribution curves were also constructed 
for initial slip values equal to ten times as well as one-tenth (1/10) of 
the 0.001 mm value (i.e. 0.01 and 0.0001 mm respectively). 
Generally, at ambient temperatures, the distribution curves are 
almost linear in shape and they also indicate a linear relationship between 
337 
the breakdown in bond slip (or slip failure) and the effective (or safe) 
anchorage length required to prevent it. However, it will be noticed 
that heating has a profound effect on the slip failure and stress distribu-
tions. As temperature of the concrete increased, the bond strength 
declined. Accordingly, the curves assume a parabolic shape. Therefore, 
after exposure at high temperature levels, substantial decline in bond 
stress could lead to extensive slip failures which would require long 
effective anchorage lengths to prevent them. Similar observations were 
made in earlier investigations on dense concrete'221' 1222,1223 
The distribution curves for the three different initial slip values 
of 0.0001 mm, 0.001 mm and 0.01 mm generally develop with the same 
pattern (shapes). However, it was observed that the spread of the 
curves increased as the magnitude of the initial slip value was reduced. 
It is suggested that the magnitude of the initial slip value could be related 
to the adhesive bond strength 1312 and that through this relationship, 
it influences the magnitude of the safe anchorage length required to 
prevent a slip failure. 
13. 7. 2 Effect of heating on anchorage length 
The analytical approach allowed an estimate to be made of the anchor-
age length required to prevent slip failure of a straight deformed bar 
in heat treated no-fines concrete. The steel bar has been designed 
to sustain ambient working loads (yield stresses) recommended in CP.110 
for deformed bars (tor-bars). The bar anchorage was presupposed 
to be carrying a design tensile stress under working load conditions 
of 460 MN /M 2 . The force in the bar was also presumed to remain un-
changed when the temperature increased. 
The anchorage length required by a bar in tension in a concrete 
beam depends upon the stress level in the steel bar. The safe anchorage 
length of bar which is required to sustain a design stress of 460 MN/M 2  
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at different initial slip values were calculated for various temperature 
levels as shown in Table 12.2. It can be seen from the table that the 
estimated safe anchorage lengths required for 12 mm diameter deformed 
bar in no-fines concrete were exceptionally high, in particular when 
under the influence of heating. For ambient conditions, the estimated 
safe anchorage length (in no-fines concrete) of 12 mm diameter bar with 
a design stress of 460 MN/M 2  and initial slip = 0.001 mm was about 1085 
mm. For the same conditions, initial slip and stress in 8 mm and 16 mm 
diameter bars in dense - concrete would require safe anchorage lengths 
of 75 and 150 mm respectively 929, 9.30 This showed that the effective 
anchorage length required to sustain a force in a bar was influenced 
by the type of concrete as well as the size of bar with the dense concrete 
as well as the smaller diameter bar, providing the better performance. 
The results also suggest that the effective or safe anchorage length 
required in the anchorage zone of a beam in flexure could be affected 
by temperature changes. As the bond strength of the concrete declined 
with rising temperature, the effective anchorage length required to 
withstand and prevent failure also increased remarkably. For no-fines 
concrete in the residual condition, the safe anchorage lengths required 
after exposure to the elevated temperature levels were two to three 
times the ambient value. 
- 	A previous investigation 	showed that the ambient flexure tensile 
stress level in a 12 mm diameter deformed bar of a reinforced no-fines 
concrete beam containing gravel aggregate might not exceed 200 MN /m 2 
(see Table 10.4). Examination of the effective anchorage length required 
for 12 mm diameter bar in no-fines concrete for ambient stresses of 100, 
200 and 300 MN/M 2  revealed more realistic and practical values of anchor-
age length. However, it could be noticed that the estimated values of 
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'anchorage for higher temperature levels were still excessive. This suggests 
that heating would have a profound effect on the residual anchorage 
length of straight ended steel bars in reinforced no-fines concrete. 
Hence for such bars, increased anchorage length which is a multiple of 
the value at ambient conditions would need to be provided to prevent 
failure in the structure under subsequent use. It could be suggested 
that a factor of safety of 4 might be assumed for fixing the permissible 
(elastic) or design (limit state) stress in the steel bar. 
It should be mentioned that the results - as discussed above - 
were subject to errors due to basic assumptions in the analysis. Some 
of the assumptions open to error are: 
E-value assumed for no-fines concrete after exposure to 
elevated temperatures (Table 12. 2). 
Bond-slip relationship assumed considers bond distribution 
to be uniform which is an arguable concept because of no-
fines concrete's porous nature. 
However, this investigation could be considered as exploratory and 
intended to serve as a foundation to further investigation. 
The analytical study for the present investigation was made only 
for the unstressed residual bond condition because the pull-out tests 
show that the bond performance for the other conditions (i.e. for stressed 




DESIGN IN NO-FINES CONCRETE CONSTRUCTION 
14. 1 General 
No-fines concrete construction is used mainly as load-bearing 
walls for low and medium rise building structures'" 12, 1L+.3 However, 
no-fines concrete structural elements (e.g. lintels) are being used in-
creasingly to span wall openings of limited span (Section 9.2). 
In the structural design of masonry, the initial requirement is 
the planning of the form and layout of the building. This step incorpor-
ates the arrangement of walls for an economic and safe building struc-
ture '" 	1'5 The general structural design processes can be listed 
as follow  s''9: 
Planning of structural building layouts and wall arrangements 
to obtain an ideal building system wherein external walls are 
load bearing and assymetrical arrangement is avoided; 
estimation of serviceability loads; 
structural analysis to determine the maximum moments, shears 
and thrusts; 
design of member sections based on results of step (iii); and 
production of working drawings (for general arrangement and 
details) and bar bending schedules. 
Structural design in no-fines concrete involving the first three 
and last stages of design outlined above are not within the scope of 
this work. The process of design discussed for "no-fines" construction 
in the present chapter is concerned only with the fourth stage of the 
design procedure. The discussion will be limited to outline design of 
member sections with the results of structural qualitative analysis under- 
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taken in stage 3. The design of member sections is carried out by applica-
tion of design methods based on the strength characteristics of the basic 
materials used. Hence different design methods will be discussed as 
well as the strength properties of the materials required for the approp-
riate design approach. 
14.2 Flexural behaviour of concrete structures 
The behaviour and modes of failure of structural concrete members 
(beams or walls) in flexure, can be considered in two categories: 
Unreinforced (plain) concrete beams: for a plain concrete beam 
which is subjected to gradually increasing loads, the load-deflection 
response is approximately linear until cracks develop in the concrete 
and thereafter becomes progressively less stiff up to the point of 
collapse 110 . The strength of a concrete beam is limited by the tensile 
strength of the concrete. For no-fines concrete, previous investiga-
tions as reported by Malhotra 111 , showed that the flexural strength 
of the concrete varies from 0.7 - 2.8 MN /m 2 with 28 day cylinder 
crushing strengths varying from 5.56-8.39 MN/rn 2 . By comparison, 
the flexural strength of structural dense concrete may vary from 
3.8- 5.7 MN /M2  for 28 day cube crushing strengths of 20-30 MN /M2 
14-11. In view of the low flexural strength of no-fines concrete, 
structural elements (walls) constructed of it must be reinforced 
against high bending stresses or concentrated loads 1212• This 
factor considerably influences the design or use of no-fines concrete 
as a lintel (beam). 
Reinforced concrete beam: because of the inherent weakness of 
concrete in tension, concrete beams are provided with reinforcement 
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which largely carries the tensile stresses. Reinforced concrete 
beams subjected to working loads are considered to behave elastic-
ally when deflection and crack-formation are moderate. Inside 
that range, the constituents (i.e. steel and concrete) are con- 
sidered to be within their elastic limits. When a reinforced con-
crete beam is subjected to loads greater than the service loads, 
its flexibility exceeds the elastic limit; both concrete and steel 
behave inelastically beyond this stage. At failure, the steel is 
considered to yield whilst the concrete (dense) disintegrates predic-
tably at an ultimate failure strain of about 0.35%" 1 . 
Mode of failure: reinforced concrete beams normally fail in bending 
and the failure may be due to: 
failure of the steel in tension - i.e. collapse due to smaller percen-
tage of tensile reinforcement (under-reinforcement); 
failure of the concrete in compression - i.e. collapse because of 
high percentage of tensile reinforcement 1110 (over-reinforcement). 
Failure may occur also in reinforced concrete beams because of 
shear (diagonal tension) or breakdown of the bond between steel and 
concrete. When any of these modes of failure occur, the full ultimate 
flexural strength of the beam may not be attained. Recent investigations 
on flexural no-fines concrete beams showed that they failed either by 
shear or in bond 11 . 
14.3 Methods of design 
The sectional dimensions of structural members are determined 
by the application of a design theory. The theory relates the charac-
teristics of the working (service) loads to the strength performance of 
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the constituent materials in the structural elements of construction 1•8 
There are three basic design methods for structural concrete: 
elastic; 
load factor; and 
limit state theory. 
Some fundamental assumptions on the mechanics of deformations 
of structure and of strength of materials are common to these methods 
and amongst them are 14, 8: 
plane sections at any cross-section remain plane before and after 
bending; 
the strength of the concrete in tension is neglected and all tension 
is resisted by reinforcement; and 
perfect bond prevails between the concrete and steel. 
14. 3. 1 Elastic theory method 
In this approach the beam is assumed to behave elastically and to 
be subjected to working (service) loads only; the concrete constituents 
(steel and concrete) behave elastically; the permissible stresses for 
design are related to the ultimate strength of the materials modified 
by a suitable factor of safety; the factor of safety assumed provides 
against material imperfections and accidental overloading 	8 .14-15-14-17 .  
In the UK the elastic theory method is covered in CP114 16 " 17 ; it is 
however now being superseded by the limit state method115' 117• 
The stress-strain behaviour of both concrete and steel is considered 
to be linear. Thus each constituent material is assumed to have a con-
stant modulus of elasticity (E-value). It is because of this constant 
relationship between the moduli of the two materials that the method 
is sometimes known as the modular-ratio method. 
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Limitations of the method: 
The assumed elastic behaviour of materials: for steel, the maximum 
stress is restricted to the yield stress, hence the assumption is 
reasonably accurate. For concrete, a linear stress-strain relation-
ship is only correct at low loads. Due to the effect of creep strain, 
concrete material does not maintain a linear relationship at higher 
loading. Hence at failure, the distribution of compressive stress is 
markedly different from that prevailing under working loads 18' 14- 15, 1.16 
The influence of creep on concrete suggests that its E-value may 
change, i.e. reduce in value. Thus the modular ratio (m) may in-
crease in value. In CP114, this is accounted for by making m = 15 
for dense concrete and 30 for lightweight concretes 18, 14.16, 1+18 
14. 3. 2 Load factor method of design 
By this method, the behaviour of the structural concrete member is 
studied at ultimate loads; the strength of the materials (concrete and 
steel) are considered at their ultimate values but notice is taken of the 
material strength in both the elastic and inelastic ranges; the working 
load or the maximum load to which the structure may be subjected is 
determined by dividing the ultimate load by the load factor, i.e. the 
method is established on the basis of ratio of loads rather than stresses 
At ultimate strength of the beam, the stresses and strains are 
not linear; the non-linear distribution of compressive stress in the con-
crete may be assumed to be parabolic, rectangular or trapezoidal 14e . 
The method is considered to be more economical than the elastic method 
because it allows the use of slimmer elements together with savings in 
formwork. 
Implications of the method: 
(i) Value of ultimate or failure strain (€c) of concrete must be deter- 
* mined. for dense concrete, the maximum strain is 0.0035120. 
345 
(ii) The stress-strain relationship for concrete up to failure has to be 
established to determine compressive stress distribution in the plastic 
range. 
The load factor design recommendations of CP. 114 are considered 
conservative (i.e. they carry too high a factor of safety) since the method 
was introduced for simplicity in terms of working loads and working 
stresses that have been specified for the elastic theory method '15' 1417, 14.21 
14. 3. 3 Limit state method 
The limit state approach is considered to be a philosophy of design 
and not a design method by itself. The underlying approach of the 
limit state method is similar to that of the load factor method (Section 
14.3.2). The behaviour of the material up to failure is assumed 145 . 
However, the design process for the two methods is different. 
For the limit state approach, the philosophy of design considers that 
a structure is unfit for the use for which it was designed when it has 
reached a limiting state. The limit state may be defined as 147 : 
rupture of one or more of the critical sections, overturning or 
buckling caused by elastic or plastic instability (e.g. sway), all 
of which end in structural failure or collapse, i.e. ultimate limit 
state; 
excessive deflection or cracking (fatigue) or vibration but with 
deficiencies of durability and fire resistance, all of which lead 
to serviceability limit states. 
The main difference between the technique of the limit state method 
and that of the load factor approach lies in the procedure for evaluating 
4*1 the load factors. For the limit state approach 17 , statistical principles 
have been used to assess variations in the properties of the materials 
(steel and concrete) as well as the loads that affect the limit states of 
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concrete structures. The whole concept of limit state design rests upon 
probability that no matter the variations that occur in the loads on struc-
tures and in the strength of materials used (largely based upon statistics), 
the structure will not collapse catastrophically under the effect of misuse 
or accident 114.6_11+.21 
The deficiency of the limit state approach is that since the technique 
is concerned with the behaviour of structural sections at ultimate loads, 
it is unable to make any assessment of the behaviour of a structural 
section at working loads. Thus the elastic method is used for assessing 
some serviceability limit states, e.g. the deflection of a concrete element! 
structure 114.15 
14.4 Design philosophy: no-fines concrete structures 
Present limited knowledge of the use of no-fines concrete - as 
a constructional material in a structural capacity - indicates that it differs 
much from dense concrete 1141, 114.114, 114.22, 1423 	Much of the difference 
pertains to the comparatively low strength (compression, tension, shear 
and bond) and the difficulty in, predicting the material behaviour of 
no-fines concrete 1144, 11411, 112, 114.114, 114.22, 114.23 	Hence its use, e.g. in 
a flexural member, must be made with caution and in a limited capacity 
only. Thus the design approach for estimating the strength of no-fines 
concrete structural members must differ in certain respects from that 
provided for dense concrete. The limited available experimental data on 
the structural performance as well as the material characteristics have 
been the drawback for evolving any coherent and well defined design 
theories for no-fines concrete construction. Even though it is widely 
used in Europe and elsewhere, there appears to be no provision for its 
structural design in most of the available codes of practice; its design, 
347 
therefore, appears to be empirical. The British Code of Practice CP.110: 
1972 (formerly CP.111:1970) provides for the design of loadbearing no-
fines concrete walls but makes no provision for the design of flexural 
no-fines concrete members. 
It is intended here, therefore, to re-examine the various design 
theories which were outlined in Section 14.3 and contrast these with 
experimental data available on the performance of structural no-fines 
concrete elements as well as the material's characteristics'4" 	14-22,14-23 
Then a design method that can provide a safe and economic structural 
no-fines concrete member could be recommended. Theoretical qualitative 
investigations carried out with these design methods in order to find 
procedures applicable/appropriate to no-fines concrete are described. 
14.4. 1 Elastic theory method: no-fines concrete structures 
The strength of no-fines concrete structural members can be asses-
sed by the elastic theory method (Section 14.3.1) using appropriate 
material permissible stresses (Section 14.5). From design considerations, 
no-fines structural elements can be examined in two broad categories, viz: 
vertical loadbearing members (e.g. walls), and 
flexural members (e.g. beams). 
(a) Loadbearing walls: For the design of no-fines concrete loadbearing 
walls by the elastic method in Britain, provision has been made in CP. 111: 
Part 2, 1970, Cl. 327, which was later excluded from the revised version 
or BS. 5628:1978. However, experimental results have shown that such 
a design procedure might not be the most economical because of the 
low elastic properties of the material''' 1.23 Hence, when the relevant 
British code was revised, the design procedure adopted is the limit 
state method as provided in CP. 110:1972, Cl. 5.5. 
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(b) Flexural no-fines concrete beams: The strength of no-fines concrete 
flexural members (e.g. lintels) can best be determined by the elastic 
theory method which operates with material permissible stresses as dis-
cussed in Section 14.5. Previous experimental investigation ' 1 showed 
that no-fines concrete flexural beams would normally fail in shear (diagonal 
tension); thus the ultimate strength of the beam might not be attained. 
The elastic theory method for design of beams as provided in CP. 114: 
1969 116 , is most appropriate. However, parts of the design procedure 
need to be re-assessed and/or modified to be in line with the permissible 
stresses for no-fines concrete. The effect of creep strain 14*24  would 
need to be taken into consideration and provision made for the long term 
increase in the modular ratio, i.e. rn-value. An rn-value of about 35 
could be considered /appropriate. Previous experimental results confirm 
that design of no-fines concrete lintels of limited span (2. 5 m) by elastic 
theory provides a safe beam (lintel) '' 
14. 4. 2 Load factor method: no-fines concrete structures 
Loadbearing walls: The load factor method can be used to assess 
the strength of no-fines concrete loadbearing walls. Previous tests 1+.23 
performed on such walls indicated that the crushing strength (or failing 
strength) of the walls ranged from 0.43 to 0.56 of the mean cube strength 
(crushing) which was about 7.0 MN / M 2 	A load factor of 4 could 
be assumed therefore in design. Permissible stresses for the design 
are as shown in Section 14. 5. The procedure for the design should be 
as provided for the design of loadbearing walls in CP. 111:Part 2:1970: 
Section 3. 
Flexural no-fines concrete beams: The strength of reinforced no-
fines concrete beams may be determined by the load factor method. 
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However, two factors differentiate this method of proportioning from 
the elastic approach. These factors are as follows: 
Whereas a linear triangular stress distribution for the concrete 
in compression is assumed in the elastic method, in the load factor 
method a non-linear concrete stress distribution in compression 
before failure is assumed. 
In the load factor method, the concrete is considered to have failed 
at its ultimate compression strain value whilst in the elastic method 
the concrete is assumed to have failed at its maximum elastic strain. 
For dense concrete, the ultimate compressive strain is considered 
to be about 0.0035. For lightweight concrete the ultimate compres-
sive strain is considered to vary between 0.002 to 0.002512. 
According to Short et al. 
14.24,  the International Draft Code has 
recommended an ultimate compressive strain of 0.0025 to be used 
for design of lightweight concretes. 
The design of flexural no-fines concrete by the load factor method 
depends on knowing the two parameters stated above. These data are 
not available for no-fines concrete presently. Further investigation 
would need to be undertaken to provide these data before this method 
of design could be realistically applied. 
1 11. 4. 3 Limit state method: no - fines structures 
Loadbearing walls: Loadbearing no-fines concrete plain walls could 
be designed by the limit state method. In Britain, such a design approach 
is provided in CP. 110:1972:C1. 5.5. The characteristic strength provided 
for the concrete is, however, of limited application (see Section 14. 5). 
Flexural no-fines concrete beams: In principle,- reinforced no-
fines concrete beams could be designed by the limit state approach. 
However, the limit state method of design as provided in CP. 110: 1972 is 
considered inappropriate for application to the design of no-fines concrete 
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flexural members. The reasons stated for the non-applicability of the 
load factor method are valid as well for the CP. 110 version of the limit 
state method. Previous tests 1 ' on load carrying capacity of reinforced 
no-fines. concrete flexural beams indicated also that the CP. 110 version 
of limit state method could not be used in its present form for designing 
flexural no-fines concrete members. 
It is suggested, therefore, that before the limit state method is 
adopted for design of flexural no-fines concrete members, further tests 
should be carried out to provide the following fundamental data which 
currently are not yet available: 
the stress-strain relationship for the concrete in bending to show 
the compressive stress distribution up to failure; 
the maximum strain of the concrete in compression at ultimate 
failure load; 
the relationship between the actual bending strength of the con-
crete in compression and the cube crushing strength. 
14. 5 Permissible and design stresses: no-fines concrete materials 
14. 5. 1 Elastic theory method: working stresses 
For the design of loadbearing no-fines concrete walls (i.e. plain 
walls) by the elastic theory method (limited) permissible stresses have 
been provided in CP.111: 1970, Table 7; however, for the design of 
reinforced no-fines concrete flexure beams by the same approach, no 
provision was made in CP. 114: 1969, perhaps because the state of the 
art had not progressed sufficiently to cater for it. Consequently, an 
attempt is made here to provide some of this outstanding information. 
Working (permissible) stresses are determined as a fraction of 
the ultimate material strengths and are based on factors of safety higher 
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than those used for dense concrete's constituent materials (see CP. 114: 
1969) 116 For the strength properties of no-fines concrete, a safety 
factor of 6 is suggested; it is based on previous experimental results 
(see Appendix D) which indicated that the elastic range of no-fines 
is about one-sixth of its ultimate crushing strength. This factor also 
agrees with 13 x (half cube crushing strength) allowable in CP. 114 on 
the assumption that the actual compressive strength of no-fines concrete 
in walls is about half of the cube crushing strength' 1 " 11 . 
It is suggested that only deformed bars coated with cement slurry 
be used; the bars should be provided also with hooks. For the working 
stress of the steel reinforcement, a safety factor of 4 is suggested as 
a direct inference from previous test results (Table 9.4). Other values 
for the permissible stresses are shown in Tables 14.1 and 14.2. 
High margins of safety were assumed for the concrete and steel 
stresses in order to accommodate factors which influence the strength 
variation of the no-fines concrete construction. Among some of these 
factors are the following: 
variations in wall density (hence wall strength) during construc- 
tion due to degree of compaction; 
variation in bond strength along bar due to porosity of concrete 
and construction deficiencies; 
possible corrosion of steel over long periods; 
inaccuracy in positioning of steel; 
accidental, high concentrated or eccentric loads. 
These permissible stresses are considered for causative working 
loads of short duration. 
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The modular ratio or m-value suggested for this exericse is 35. 
This value takes into account the effect of creep strain in the concrete 
after long periods of loading. The creep is considered to cause stress 
redistribution, i.e. reduce the compressive stress in the concrete and 
increase the tensile stress in the steel 116 . 
Limitations: The validity of the elastic theory method for designing 
no-fines concrete lintels is based on experimental test results (Appendix 
D). Preliminary design of the beams was first carried out by the elastic 
method. The permissible stresses proposed in Tables 14.1 and 14.2 
are recommended for designing no-fines concrete flexural beams of span 
not greater than 2.5 m. It might be possible to design lintels of spans 
greater than this by using richer mix proportions of higher concrete 
strengths. According to Stramtaev 986 , the practice in Russia indicated 
that no-fines concrete lintels of up to 3. 5 m span could be constructed 
provided a rich mix were used and also high /concentrated loads on the 
lintels were avoided. 
Stiffness of members: For stiffness of the no-fines lintels, a 
span to depth ratio of 4 is recommended (see Appendix D), and an E-
value of 6300 MN /M2  is recommended (see Table 12.1). 
14. 5.2 Load factor method: design stresses 
There are insufficient data on the flexural behaviour of reinforced 
no-fines concrete beams up to ultimate failure to allow confident design 
stresses to be worked out for the design of these beams at present. (see 
Appendix D). It is suggested that for the design of no-fines concrete 
structural members based on the CP. 114:1969 approach for the load 
factor method of design, a load factor of 4 could be assumed and the 
design stresses for the elastic method - as provided in Tables 14.1 and 
14.2 - might be adopted. 
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14. 5. 3 Limit state method: design stresses 
The design stresses for,,tlimit state method are derived from,Lcharac-
teristic strengths of concrete and steel and are based on appropriate 
partial safety factors 1426128 For the design of loadbearing no-fines 
concrete walls, Table 47: CP. 110: 1972 specifies a characteristic concrete 
strength of 7 MN/m 2 . This appears to be rather restrictive; the construc-
tional practice in the UK (by SSHA 
14.2 or George Wimpey Ltd ' t3 ) and 
elsewhere 125  indicates that for low rise housing schemes, no-fines con-
crete of characteristic strength as low as 2.8 MN /M2  (Wimpey practice) 
or 3.5 MN /M2  may be used. A partial safety factor of 3 could be used 
for deriving the design concrete stress required for the design of load-
bearing no-fines concrete walls. Characteristic strengths of no-fines 
concrete made with crushed stone aggregate that could be used for con-
struction of low and medium rise housing (buildings) are provided in 
Table 14.3. These characteristic strengths were determined from results 
of experimental tests undertaken in this investigation. 
The design stresses required for the limit state method of design 
of no-fines concrete flexural members are not derivable at the moment 
due to insufficient /availability of data - see Appendix D. 
14.6 Design for fire resistance and reinstatement 
The performance of a reinforced concrete structure exposed to 
a fire depends on the behaviour of the properties of its material constitu-
ents - concrete and steel. Results of tests on heat treated no-fines 
concrete in this work (see Chapters 8, 10 and 13) indicate that generally 
the concrete suffers loss in strength, stiffness and physical properties; 
the reduction in strength tended to be greater in the residual condition. 
It was noted also from results obtained in this work that no-fines concrete 
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appeared to provide high thermal insulation against heat transfer. The 
reduction in strength tended not to affect the structural performance, 
i.e. not critical, at temperature levels below 300°C, in particular if 
heat soaking at maximum temperature was not greater than 1 hour. It 
was, therefore, deduced from these fore-mentioned results (see Section 
13.4) that the possibility of reinstating post-fire damaged no-fines con-
crete structures could be considered a viable alternative to demolition 
and reconstruction. Hence an attempt is made in this section to provide 
some information on this technological aspect for the design of a structure; 
such information is presently lacking. 
The damage, that a concrete structure could sustain in a fire, 
might be limited or reduced, if during the initial design and construction 
of the building, certain provisions were made against fire resistance. 
The various ways by which fire resistance of a building could be designed 
are reviewed briefly below. The various design approaches are then 
applied so as to estimate qualitatively the fire resistance of no-fines 
concrete constructions. 
14. 6. 1 Design for fire resistance 
General fire resistance design principles applied by the design 
team - including fixing of dimensions for structural performance and 
choice of subordinate materials in aid thereof - are described briefly 
in Section 6.4.1. This unit takes up structural fire design, i.e. fixing 
of dimensions, as relevant to this thesis. The fire resistance of structural 
elements is determined (i.e. designed) by one of the following methods 1': 
standard fire test; 
statutory requirements: deemed to be satisfied; and 
analytical approach. 
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(I) Design based on a standard fire test: The traditional method of 
determining the fire resistance of a structural building element is by 
a standard fire testing of a prototype. In Britain the specification cover-
ing this is provided in BS.476:Part 8:1972. The procedure is discussed 
in Section 6.4.2. The fire resistance tests carried out already on load-
bearing no-fines concrete walls are described in Section 6.4.6. For 
no-fines concrete beams, no such tests have been performed yet. 
(ii) Design based on statutory requirements: In most countries now, 
statutory control for the fire protection of buildings is provided in the 
form of building regulations, codes of practice and local bye-laws 14 4 
By this approach, the codes, bye-laws and building regulations provide 
sets of tabulated data; this data serves as a guide to fire resistance 
of a structural element by specifying its minimum dimensions as well 
as cover to reinforcement for a specific period of fire rating. This design 
approach is arbitary but the use of the tabulated data offers a quick 
method of assessing the fire resistance of a member. Tabulated data 
are based on test results and experience. The limitation of this method 
is that it does not take into consideration individual (special) variations. 
In Britain these tabulated data are provided in CP. 110: Section 10 14 '17 
for concrete structures. The fire resistance of a particular structure 
is deemed to be satisfied if the structure is built in accordance with 
the code's specifications. 
For no-fines concrete construction, there is no particular provision 
made in CP. 110. However, the code suggests that values provided for 
other similar forms of construction could be adapted for use. In the 
light of this investigation, the provisions made for lightweight aggregate 
concretes 14,17  could be recommended for no-fines concrete; these would 
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appear, however, to be conservative for no-fines concrete construction 
(see Chapter 13). 
(iii) Design by analytical approach: The analytical method of designing 
the fire resistance of reinforced concrete members is based on knowledge 
of heat transfer in a member as well as behaviour of the material properties 
at high temperatures. 
The initial approach to the design involves determining the tem-
perature distribution within the member especially at specific critical 
points. The estimation of the temperature distribution could be made 
from previous experimental test results with the aid of available computer 
programs ' 5 . The effect of high temperatures on the strength and 
other structural properties of the constituent materials is next assessed 
to determine the- strength reduction coefficients for the concrete and 
steel at various temperatures. 
The analytical fire resistance design procedure follows the normal 
design process for concrete elements 15 . By referring to past records 
on heated concrete, a relationship may be struck between heat levels 
an4 corresponding concrete strengths. Then this information could 
be used to assess strength diminutions and thereby the reduced load 
bearing capacity of a heat treated structural concrete member. Sub-
sequently the normal strength of an identical non-heated member would 
be determined. From a comparison of the two values, the fire endurance 
of the structural element could be established. 
The analytical method has mostly been applied to flexural members 
(beams and slabs); its application to compression members (walls and 
columns) has been limited. Mostly the fire resistance design for these 
members has been by fire tests or by statutory provisions, i.e. tabulated 
data from codes of practice 14*44 
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Various analytical procedures have been proposed including those 
of 	 14,4 and the Joint Committee of the Concrete Society and 
the Institution of Structural Engineers 16 . Both procedures are based 
on the limit state principle (CP. 110). The elastic design approach - 
as reported by Malhotra'5 - has been adopted in France and also by 
ACI Committee 261. Other design procedures are reported in recent 
work by Khan 17 . 
(iv) Calculation of residual flexural strength: no-fines concrete beams: 
For the computation of the flexural residual strength of heat treated 
no-fines concrete beams, idealised strength reduction curves for the 
concrete and reinforcing steel are produced as shown in Figures 14.1 
and 14.2 respectively. These curves are produced on similar lines to 
those recommended by the Joint Committee of both the Institution of 
Structural Engineers and the Concrete Society ' 6 . These curves are 
provided to enable an assessment of the reduction in residual strength 
of the concrete and steel at high temperatures to be made. 
The E-values of the concrete and steel are affected by heating 
and are reduced in value. Values recommended for design purposes 
at various temperatures are provided in Table 12.2. The elastic design 
approach is recommended. 
14. 6. 2 Reinstatement of fire damaged no-fines concrete structures 
Reinstatement of a fire damaged structural member involves restor-
ing it to a condition wherein it should be able to sustain the original 
design loads or a proportion of them. This objective could be achieved 
after structural repair. The procedure adopted, when a building has 
to be considered for reinstatement, is as follows: 
appraisal of fire severity; 
assessment of damage; 
re-design of member; and 
repair of damage (reconstruction). 
(I) Appraisal of fire severity: The first step for post-fire structural 
investigation is an examination of the fire debris. This enables some 
estimation to be made of maximum temperatures reached and their dura-
tion during the course of a fire. Also, this preliminary examination 
helps to identify the areas of a structure subjected to the most severe 
fire damage. 
Colour changes in the residual concrete are used to estimate the 
maximum temperatures reached at a particular depth in a structural 
member (see Section 7.2.2). 
NO Assessment of damage: This involves assessing the strength of 
the member remaining after the fire. Data are collected on the residual 
properties of the materials involved with due regard to estimated temp- 
eratures attained by the structure. The Concrete Society has produced 
a detailed report 12 48 showing how the assessment could be made. 
(iii) Designing for reinstatement: The redesign involves assessing the 
ability of the fire damaged structure to resist the applied loading. The 
procedure is to strengthen the damaged member to the required standard 
of load carrying capacity. The redesign follows procedures similar to 
the design of flexural members, either by elastic or load factor/limit 
state methods as appropriate. The known reduction in strength of the 
material properties is used to assess the strength of the fire damaged 
member. For example, the procedure for redesign of a no-fines concrete 
residual flexural beam is shown in Section 14.8.1. 
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(iv) Repair of fire damaged structure: Various methods could be used 
to carry out reconstruction /repair work on a redesigned structure. 
One such method, whose application to no-fines concrete has yet to 
be confirmed, is the use of a guñite mix as suggested by the Concrete 
Society 14*48 
14.7 Design of no-fines concrete buildings in seismic areas 
Generally, experience shows that masonry construction which 
is unreinforced tends to perform very poorly during earthquakes' 37 . 
The vulnerability of such construction to seismic disturbances stems 
from the brittle nature of masonry materials as well as their inadequate 
tensile strength. No-fines concrete falls within this category of con-
struction materials. Hence it becomes imperative that this system of 
construction - if undertaken in areas which are prone to seismic activity - 
would require to be strengthened to increase its resistance against such 
disturbances to prevent total structural collapse. There appears to 
have been very little research made into the seismic response character-
istics of no-fines concrete construction. This unit constitutes an attempt 
to discuss some of the design problems. 
The earthquake resistance of a building is considered to be a 
function of the strength and ductility of the materials in use 139 A 
building's endurance against horizontal seismic disturbance is derived 
from the provision of a reasonably symmetrical disposition of shear walls 
in two directions on plan. Various structural forms for masonry buildings 
considered safe in seismic areas have been proposed by Dowrick 139 . 
Similarly, the Building Research Establishment (B RE) of Great Britain 
139, 114O has suggested general design principles for small buildings 
in earthquake areas. The basic principle for small and medium size 
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buildings in seismic areas is to provide a rigid box strengthened by 
cross walls which are well tied in. Large openings in external walls 
are to be avoided. 
For purposes of design, i.e. to help predict the characteristics 
of earthquake input for which structures should be designed, seismic 
areas are normally classified into four zones, as follows: 
(i) areas of no seismic activity; 
(ii). areas of minor activity; 
areas of moderate activity; and 
areas of high activity. 
In minor and moderate seismic risk areas, Arya and Chandra' 37 
have suggested specific measures - based upon their studies - to be 
taken on small domestic buildings to make them safe against seismic dis-
turbances. The essential requirement proclaimed by their suggestions 
is to ensure that the elements of the buildings are tied together by means 
of suitable reinforcement so that the building could develop the necessary 
strength and ductility". The areas of weakness in building walls 
include sections along the jambs of openings and the corners of shear 
walls (see Figure 14.3). Horizontal and vertical reinforcements are 
recommended to be provided in these zones (Figure 14.3). It is further 
suggested that good standards of construction help also to ensure better 
performance of buildings during earthquakes. 
Wimpey Laboratories 14' 38 have carried out some studies on no- 
fines concrete buildings in seismic areas. For minor and moderate seismic 
risk areas, they have recommended a design procedure for no-fines 
concrete low and medium rise dwellings. The measures are more or 
less the same as those proposed by Dowrick'39, 	
14*4 and Daldy 1 ' 
for (domestic) buildings in earthquake areas. Basically the Wimpey 
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recommendation is that a no-fines concrete building should be planned 
to have the structural form (shape) of a box symmetrical on plan. The 
forementioned use of cross walls as stiffeners to load bearing walls and 
the adoption of the smallest practicable openings are equally emphasised. 
Other measures are similar to those recommended by Arya et al. 
Figures 14.4a,b show typical detailing proposed by Wimpey. 
In high risk or more active seismic areas, more stringent and/or 
specific measures are required for the buildings. For no-fines concrete 
buildings in those areas, according to Wimpey' 38 , reinforced dense 
concrete columns introduced into the load bearing no-fines concrete 
walls assist the no-fines concrete buildings to withstand the seismic 
disturbances. 
Design of multi-storey no-fines concrete dwellings in active seismic 
areas require more complex analysis involving the application of earth-
quake engineering methods. Such studies have been carried out on 
masonry construction by Scrivener 12 . Also, Schneider and Dickey 13 
proposed an empirical approach to the design of such structures. Wimpey 
Laboratories ' 38  carried out extensive experimental tests and theoretical 
analyses on framed structures with no-fines concrete in-fill panels. 
Their results indicated that such structures stood up well against the 
simulated seismic forces without significant damage. 
14. 8 SDecification and constructional details 
Specification on methods of construction and structural use of 
no-fines concrete will not be treated here. However, sources where 
this information could be obtained will be pointed out. The British Code 
of Practice - CP. 110: 1972 - has not provided any information on the 
technical requirements for use of no-fines concrete in construction but 
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information could be .found elsewhere in the UK 	1'+3, 14.24, 14.29, 1+.31 
Its use in other parts of the world has been specified clearly, e. g. 
Australia 	133, Canada' 11' 13'+  France 	and South Africa135' 
1'+36 
Recent works by Scott ' 25 ' 13° have provided information on the use 
and practice of no-fines concrete in housing for third world countries. 
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CHAPTER 15 
CONCLUSIONS AND RECOMMENDATIONS 
15.1 General conclusions 
The overall conclusions drawn from the preceding discussion and 
analysis of results (experimental and analytical investigations) are as 
follows: 	 - 	 - 
15. 1. 1 Material properties (Test Series 1) 
The aggregate particle size appeared to have some influence on the 
cement content as well as strength of no-fines concrete. 
The whinstone aggregate had comparatively high moisture content, 
absorption as well as shrinkage values. By comparison the granite 
aggregates had lower moisture content and absorption values and 
were considered to be non-shrinking aggregates. 
The whinstone aggregate had smaller silica content than the granites. 
The whinstone aggregate appears to make higher strength concrete 
compared with the granites. 
The optimum water/cement ratios for the whinstone aggregate were 
0.36 and 0.40 for the 1 : 8 and 1 : 10 (by weight) mixes respectively. 
The optimum water/cement ratios for the granites were 0.38 and 
0.41 for the 1 : 8 and 1 : 10 (by weight) mixes respectively. 
The 28 day compressive strength of the no-fines concrete made 
with whinstone and granite aggregates satisfied the British Standard 
specified minimum strength requirement for loadbearing walls. 
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The compressive strength of the no-fines concrete was influenced 
by the quality of aggregates. 
The characteristics of the steel bars were within the British Standard 
acceptable limits for use in reinforced concrete construction. 
15. 1. 2 Thermal insulating properties (Test Series 2) 	 - 
The ambient coefficients of thermal conductivity of no-fines concrete 
made with a variety of crushed stone aggregates of varying silica 
content and for different mixes (at 1615-1710 kg/m 3 dry density) 
ranged between 0.73 and 0.84 W/m}( at 3% moisture content by volume. 
The corresponding figure for gravel aggregate dense concrete (at 
2300 kg/m 3 dry density) was 1.64 W/mK. 
The ambient thermal diffusivity of no-fines concrete made with dif-
ferent crushed stone aggregates and mixes was about 0.5- 0.6 x 10_ 6 
MI/s; the corresponding value for dense concrete was 0.9x 10_6  m 2 /s. 
The ambient specific heat of crushed stone aggregates no-fines 
concrete was about 840-920 JIkgK; the corresponding figure for 
gravel aggregate dense concrete was about 900 JIkgK. 
The type of concrete influenced the magnitude of heat transmission 
coefficients, with no-fines concrete providing lower k-values than 
dense concrete. 
By comparison, the no-fines concrete made with crushed stone aggreg-
ates would provide better thermal insulation as well as fire resistance 
than dense concrete made with gravel aggregates. 
The type of aggregate used in concrete had a marked effect on the 
conduction of heat within it; for no-fines concrete, granite aggregates 
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of high silica content provided greater heat transmission coefficients 
than basalt aggregate of low silica content. 
The thermal conductivity of no-fines concrete was influenced by 
the mix proportion of the concrete with the richer 1 8 mix providing 
higher figures than the lean 1 : 10 mix. 
Among the aggregates used, the basalt type of no-fines concrete 
had the best thermal insulation characteristics and the Creetown 
(black/white) granite the worst. 
The surface condition of a test specimen influences the magnitude 
of the thermal properties; specimens with rendered surfaces produced 
higher figures compared with those of unrendered surfaces. Hence 
unrendered no-fines has the better insulation properties. However, 
to prevent water penetration, rendering is desirable. 
15. 1. 3 The effects of elevated temperature on the properties (physical 
and structural) of no-fines concrete (Test Series 3) 
The effect of high temperature on colour variations in no-fines concrete 
made with whinstone aggregates manifests in the result that for 
specimens heated above 600°C, the relative colour of the concrete 
changes from light grey to whitish grey. 
The weight of the no-fines concrete specimens decreased with tem-
perature rise and the (weight) loss occurred at all temperatures. 
The percentage loss in Weight was greater for the specimens of 
1: 8 mix than those of 1: 10 mix. 
The density of the no-fines concrete specimens declined in value 
with rising temperature. The rate of loss in density was greater 
for the 1: 8 than the 1: 10 mix. 
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The rate of temperature increase (heat transfer) within the no-
fines concrete was much slower than that in the furnace and could 
be associated with loss of moisture in the concrete. 
For uniform temperature distribution (or steady state temperature 
condition) to be attained in the no-fine.s concrete, minimum periods 
of 3 to 4 hours heat soaking at maximum furnace temperature were 
required. 
The concrete mean temperature lagged behind that of the furnace 
during the heating process. The highest concrete mean temperature 
attained was 780°C for a furnace maximum temperature of 800°C. 
For concrete cover of about 38 mm, the no-fines concrete could 
provide fire endurance (heat resistance) periods of 1, 2 and 3 hours 
against temperature rises of 60, 150 and 250°C respectively. 
Reinstatement of post-fire damaged no-fines concrete structures 
is probable where temperatures have been kept below 300°C. 
No-fines concrete appears to provide longer endurance periods 
against heat (fire) transfer than comparable dense concrete. The 
heat endurance could be improved by increasing the thickness of 
the concrete. 
In spite of comparatively high temperature gradients within the 
no-fines concrete specimens, the effect of spalling was negligible. 
The temperature gradient across the section of the concrete specimen 
diminished with heat soaking and in the final stage of heating it 
can be approximated to a linear distribution. 
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The residual (unstressed) compressive strength of no-fines concrete 
appeared to suffer no reduction in magnitude with rising temperature 
up to 100°C after which it decreased with temperature increase to 
retain more than 80% of its original strength at 300°C. 
The residual (unstressed) tensile strength of the concrete exhibited 
continuous and remarkable loss in value with increasing temperature 
and, by 300°C, retained less than 60% of its original magnitude. 
The residual tensile strength declined to a greater extent than the 
residual compressive strength under the influence of thermal stresses. 
The duration of the heat soaking period (dwell at maximum test 
temperature) had a detrimental effect on the compressive strength 
of the concrete; the degree of influence depended on the temperature 
level and duration of heat soaking time. 
The aggregate-cement ratio had a significant effect on the strength 
of the concrete at high temperatures. The richer (1 : 8) mix showed 
a proportionally greater percentage loss in strength relative to the 
lean (1: 10) mix. 
The strength characteristics (the yield stress, the ultimate strength, 
% elongation) of both plain mild and deformed (tor-bar) steel bars 
at high temperatures are judged to be satisfactory for use in re-
instatement, after exposure in no-fines concrete with a cover of 
70 mm to temperatures in the range 20-800°C. 
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15. 1. 4 Bond tests on no-fines concrete at ambient and elevated 
temperatures (Test Series 4) 
15. 1. 4. 1 Bond strength at room temperature 
1. The ultimate average bond stresses of reinforcing steel bars in no-
fines concrete containing whinstone aggregate were as follows: 
deformed steel bar (12 mm ) coated with cement slurry in no-
fines concrete of 1 : 8 mix was 20% of the cube crushing strength 
= 7.34 MN/M 2 ; 
deformed steel bar (12 mm th) coated with cement slurry in no-
fines concrete of 1 : 10 mix was 22% of the cube crushing strength 
5.27 MN/rn 2 ; 
plain mild steel bar (12 mm th) coated with cement slurry in no-
fines concrete of 1 : 8 mix was 13% of the cube crushing strength 
7.34 MN/M2. 
2. The deformed steel bar provided a better bond performance than 
the plain bar at room temperature. 
3. The bond of the richer 1 : 8 mix was greater than that of the lean 
1 : 10 mix. 
4. The mode of bond failure for both plain and deformed bars was by 
slippage in the surrounding concrete. 
15. 1. 4. 2 Bond strength at elevated temperatures 
A minimum of 3 to 4 hours heat soaking (temperature dwell) at maxi-
mum furnace test temperature was required to provide uniform (steady 
state) temperature distribution within the no-fines concrete and 
along the concrete-steel interface with 70 mm cover. 	 - 
The no-fines concrete surrounding a reinforcing steel bar provides 
good thermal insulation which delays rise in temperature at the inter-
face and, therefore, the failure that occurs in the bond. 
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No-fines concrete provides better thermal insulation to reinforcement 
in comparison with dense concrete. 
The differential thermal movement between the no-fines concrete 
and steel bar was a non-linear function of temperature and increased 
with rising temperature. 
The variation in bond strength at high temperature was caused 
mainly by internal stresses generated by differential thermal strain 
between the concrete constituents and the steel bar. 
The differential thermal strains of specimens which were under 
stress during a heating process, were greater than those of the 
unstressed ones. 
The total differential strain for the cooling period was greater than 
that recorded over the heating cycle. 
The mode of bond failure for both plain and deformed bars in the 
no-fines concrete was observed to be by slippage of the bars in the 
surrounding concrete without any damage to the concrete. 
The bond strength showed very little change in value below 300°C; 
thereafter, the bond strength declined in value at an increasing 
rate with rising temperatures. 
The temperature of the concrete affected the bond strength with 
the hot bond strength showing greater performance than the residual 
bond strength. However, this effect on bond was insignificant 
below 300°C. 
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The bond strength of the stressed (pre-loaded) pull-out specimens 
was found to be greater than that of the unstressed ones. However, 
the effect of restraining the specimens before heating on the bond 
was insignificant below 300°C. 
The dwindling of the bond strength at higher temperatures was 
at a rate smaller than the corresponding reductions in the concrete 
strengths (compressive and tensile); the smaller effect of temperature 
on the bond strength compared with that on the concrete's strengths 
could be attributed to the restraining influence of the type of aggreg-
ate (basalt) used in the no-fines concrete. 
The bond strength of the richer (1 8) mix of no-fines concrete 
showed a greater percentage reduction in value when heated than 
that of the companion lean (1 : 10) mix. 
The plain mild steel bar lost more bond strength with temperature 
increase in comparison with the deformed bar. The variation in 
bond strength with temperature was of similar pattern for both types 
of steel bars. 
The rate of decline in density of the concrete corresponded with 
that of its strength (bond and compressive) reduction, establishing 
a strong connection between moisture and strength loss in the heated 
concrete. 
The loss in bond strength due to heating was influenced to some 
degree by the duration of heating at maximum test temperature; 
the extent of the influence diminished with loss of moisture at higher 
temperatures. 
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15. 1. 5 Application of AE technique to study bond performance 
(Test Series 5) 
The AE increases non-linearly with rising temperature during the 
heating of pull-out specimens. 
The developments of AE and sup (6therm)  with temperature change 
at the bond interface are similar during heating and cooling cycles. 
The total amount of AE during the cooling period was greater than 
that produced over the heating period, implying that further deteriora-
tion occurred at the bond interface during the cooling period. 
The AE given by specimens of the richer mix was greater than that 
produced by the leaner mix specimens over the heating/cooling cycles -. 
The bond stress-AE (total counts) relationship indicates general 
decline in the bond magnitude with rising temperature. The effect 
of temperature on the bond strength (per "o-AE" curves) was 
minimal below 300°C but became progressively pronounced above 300°C. 
The AE increased with increase in bond stress and assumed very 
large values towards bond failure. 
The influence of temperature on each of o - -AE and a-b - slip relation-
ships was very similar. 
The variations of cYb-AE  and o-i-slip relationships with temperature 
for plain and deformed bars were similar and also established the 
superiority of the bond of deformed bars per the a-b-Slip  relationship. 
9. The AE increased linearly with bond slip. 
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The AE and bond slip could be considered to be correlated and inter-
changeable. 
The AE technique is a viable NDT method for examining the behaviour 
of bond between concrete and steel. 
15. 1. 6 Theoretical study of bond behaviour at the anchorage zone of 
a reinforced no-fines concrete flexural member exposed to heat 
A proposed mathematical model based on data from experimental 
pull-out bond-slip relationships allowed the prediction of distribution 
of bond stress, steel stress and slip along a bar in the anchorage 
zone of a heat treated ^reinforced no-fines concrete beam in the residual 
condition. 
The analytical approach permitted estimates of the safe anchorage 
length required to prevent slip failure of straight bar anchorage 
designed to withstand working stress within no-fines concrete after 
heat exposure. 
The theoretical analysis revealed that heating has a profound detri-
mental effect on the anchorage length of straight ended bars in 
no-fines concrete. The effectiveness of the anchorage length dim-
inished with rising temperature and the development length (anchorage) 
required after high temperature exposure would be two to three times 
that for ambient conditions. 
A factor of safety of 4 is recommended for fixing the permissible 
or design stress in a' steel reinforcing bar in no-fines 
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15.2 Recommendations for future work 
The variables influencing the material properties of no-fines concrete 
under the action of mechanical and thermal loads are numerous; the 
aspects that have been examined in this work constitute only a limited 
coverage of it. While the findings augment some contributions to the 
existing knowledge on the subject, this can be considered only as a 
foundation for further work. Suggestions for some of the pertinent 
avenues of investigation are listed below: 
In the measurement of the ambient thermal properties of no-fines 
concrete, it was observed that the surface condition of the test 
slab specimens influenced the magnitude of the heat transmission 
coefficients. This investigation needs further consideration to include 
the effect of the resistance offered by the contact-rubber sheets on 
the heat conduction through the concrete. To reduce the effect of 
side heat losses that occurred from the tests by the transient state 
plain hot plate method, the steady state approach could be considered 
for the investigation. 
The study-of the behaviour of the material properties of no-fines 
concrete under thermal loads were limited to a slow rate of heating 
and under a steady state temperature condition. However, in a 
fire, a high temperature development is fast and transient. The 
steady state temperature properties tests might therefore not be 
very relevant to real fires where heating could last only a few hours. 
The tests under transient state condition could be more representative 
of a practical situation which needs to be examined. This could 
establish whether the thermal insulating characteristics of no-fines 
- 	could cause a delay in the deterioration of the concrete strength 
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under transient temperature heating as was observed for reinforced 
lightweight aggregate concrete beams by Labani 226 , and could exhibit 
an improved and even better performance in a fire, than under 
the steady state conditions. 
One other aspect of effect of high temperature on the concrete material 
not covered is the elastic properties of the concrete. At the moment, 
there are no published data on the stress-strain response of no-
fines concrete under the combination of mechanical and thermal loads. 
Such an information, however, is required for design of reinforced 
no-fines concrete beam by the load-factor and limit state methods 
for ambient and elevated temperature conditions. Additionally, 
data on the effect of high temperatures on the E-value of no-fines 
concrete is lacking up to present moment. Such information, needless 
to say, is required for theoretical assessment of bond distribution 
as well as the safe bond length in the anchorage zone of a heat treated 
reinforced no-fines concrete flexural member. 
It would be worthwhile also to carry out further work on the bond 
strength between heat exposed no-fines concrete and steel reinforce-
ment in the following areas which are relevant to a fire situation 
in a building: 
the bond tests under transient heating condition (i.e. fast 
rate of heating); 
the effect of load cycling on the bond strength; 
the effect of thermal creep strain on bond strength; 
the effect of bar size on bond strength; 
the effect of depth of concrete cover to steel bar on bond 
strength; 
the effect of type of aggregate (high siliäa type) on bond 
strength. 
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This information could be useful for reinforced no-fines concrete 
construction, in particular for design for fire safety as well as for post-
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